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SUMMARY 

The author discusses the growth of the lighting load during 
recent years, and directs attention to the trend in its charac¬ 
teristics for various uses. It is shown that, while the demand 
for lighting consumption is increasing, there is a simultaneous 
improvement in load factor. Proposals are put forward for 
developing the lighting load, and especially opportunities for 
obtaining increased revenue per pound of capital expenditure 
by encouraging higher lighting levels and their more extended 
use. The author urges the appointment of lighting develop¬ 
ment officers to call at regular intervals on shops, factories, 
hotels, etc., offering suggestions to improve lighting conditions. 
It is claimed that the added revenue obtained from giving such 
services more than meets the expenditure involved. An 
estimate is given of the potentialities of the lighting load in 
Great Britain, assuming reasonable increments in lighting 

levels. 


INTRODUCTION 

The electricity supply industry was founded partly on 
the demand for electricity as a motive power in works, 
but more generally for its use in providing artificial light. 
Factories were in the nature of wholesale users of elec¬ 
tricity with a demand throughout the year, while^ the 
majority of lighting consumers only required electricity 
as a means of providing a substitute for daylight. ^ 

The lighting demand coming simultaneously with the 
power demand in winter afternoons gave rise to a peak 
demand on the supply undertakings busbars. Both 
demands, however, were responsible for the peak, the one 
taking cheap units all the year round, and lighting being 
responsible for a much smaller number of units at much 
higher prices. At an early date investigations into the 
economics of electricity supply suggested filling up the 
valleys caused by these demand peaks, or, alternatively, 
of attempting to limit the peak in order to improve 
the economic efficiency of the plant. Many supply 


engineers overlooked the fact that a load with pro¬ 
nounced peaks, when paid for on an economic basis, 
enabled cheap units to be supplied at other times of the 
day. The search for “ off-peak '' load encouraged supply 
engineers to build the heating and cooking load, and the 
last 10 years has witnessed phenomenal activity on the 
part of the supply industry in this country to develop 
electric heating and cooking. Showrooms have been 
adapted to facilitate cooking demonstrations, special 
staff engaged to give demonstrations, and canvassers and 
service men and women appointed to seek business. So 
far as domestic heating and cooking is concerned, Great 
Britain has little to learn from other countries. It is the 
author’s considered view, however, that endeavours to 
promote the use of electricity for all purposes do not 
absolve the supply industry from engaging in the 
systematic development of lighting. In many areas, 
present lighting development has been due more to the 
percolation of national propaganda than to positive 
development forces locally. 

The remarkable progress made in recent years makes 
it necessary to obtain a fresh perspective of the lighting 
load and its potentialities. The opinion that electric 
light is a poor substitute for daylight must be revised as 
it does not accord with the views of the commercial 
world. This paper attempts to estimate the magnitude 
of the lighting load, its characteristics and its probable 
trend, given a reasonable development programme. 

THE PRESENT POSITION 

Table 1 indicates the number of potential lighting con¬ 
sumers in Great Britain, and also the number of domestic 
premises at present connected to the mains, which it will 
be noted represents two-thirds of the total. The rate of 
connecting domestic premises has accelerated during the 
last few years, but, bearing in mind the fact that last year 


Table 1 

Lighting Consumers in Great Britain, 1935-36*** 


Type 

Number 

Number 

connected 

Percentage 

connected 

Average 
consumption 
per consumer 

Revenue 

per 

consumer 

Average price 
per kWh 

Domestic premises .. 
Commercial premises 
Power consumers 

m u * * 

.. ; 

Millions 

10-937 

1-943 

i 

Millions 

6*484 

1-168 

% 

59 

60 j 

kWh 

500 

2 300 

£ 

3-64 

19-3 

d. 

1*75 

2*01 

0*51-0*79 

Total 

• • • • 

12-880 

7-652 

59*4 


• 



* Seventeenth Annual Report of the Electricity Commissioners, 1936-7. 
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no fewer than 350 000 new houses were built, one is 
reminded that the progress in domestic electrification 
must be maintained at 1 million per annum if the bplk 
of domestic premises are to be on the mains within the 

next 6 years. 

Table 2 


Commercial Lighting 


Premises 

Number 

Retail shops 

, 

760 000 

Factories, workshops, etc. (under 


Home Office Regulations) 

546 303 

Schools .. *• »• •• 

46 018 

Cinemas 

4 700 

Theatres 

2 000 

Hotels, restaurants, boarding houses 

70 000 

Public houses 

56 000 

Churches 

60 000 

Railway stations (including goods) 

13 695 

Offices and warehouses 

Number unknown 

Public buildings 

Number unknown 

Traffic signal crossings (4 000 000 


kWh per annum).. 

2 350 

Telephone boxes (1 947 000 kWh 


per annum) 

48 000 

Street lighting posts (electric and 


gas) .. .. .. . • 

860 000 


The more remunerative domestic lighting consumers 
are already connected to the mains. It is not long since 
some engineers expressed the opinion that the remaining 
small lighting consumers would not justify the capital 
expenditure involved in connecting them to a public 


consumers of the assisted wiring class has increased from 
175 units per annum to 341 units per annum in 2 years. 
Investigations in the United States of America and 
Germany indicate similar experience. 

Table 2 sets out the main sections of non-domestic 
lighting consumers, which, for convenience, are referred 
to generally as commercial lighting consumers. In 
addition, there are those factories in which lighting 
consumption is included with power. 

Among the miscellaneous uses is included the recently 
developed lighting load for trafi&c signals (2 350 sets in the 
country), representing a consumption of 4 000 000 kWh 
per annum; and the lighting of telephone boxes 
(numbering 48 000), with an annual consumption of 
1 947 000 kWh. 

Then, too, there are the lighting of aerodromes for 
night flying; horticultural applications; festival lighting 
for health resorts; and floodlighting, which now repre¬ 
sents a popular feature throughout the country. 

A partial estimate of consumption for lighting purposes 
in this country at the present time, derived from the 
engineering and financial statistics of the Electricity 
Commission, 1935-36, is given in Table 3. 

It will be noted that lighting provides 77 % of the 
revenue under the above heading and accounts for 57 % 
of the consumption. If street lighting is included, there 
is the remarkable fact that, excluding electricity used 
for lighting on power or traction supplies, 50 % of the 
total revenue obtained by supply undertakings is derived 
from the sale of electricity for lighting purposes. The 
estimates of revenue are conservative, since the realized 
price for heating and cooking units is taken at Id. and 
it is well known that tarifls of Id. or |d. are prevalent. 

From further subdivision it would seem that at least 
32 % of units sold for lighting, heating, and cooking 
purposes are used for lighting shops, small factories, 
offices, schools, etc. 

Recent studies show that an upward trend in lighting 
level is accompanied by an improvement of load factor— 


Table 3 


Consumption and Revenue from the Supply of Electricity for Lighting, Heating, and Cooking 


Use 1 

1 

Consumption 

Revenue 

i 

Price per kWh 


kWh X 10® 

£ X 10® 1 

0/ 

/o 

d. 

Domestic lighting 

Commercial lighting .. 

1 400 1 

1 750 J 

34-08 

77 

2-6 (derived) 

Heating and cooking .. 

2 355 

1 

9-99 

23 

I’OO (assumed) 


Note. —^The average consumption per domestic consumer m the United States is 700 kWh 
per annum, of which 350 are estimated as lighting consumption. The average lighting 
consumption per commercial consumer is given as 3 000 kWh per annum. For Great 


Britain the corresponding figures are 500, 

supply. A study of the economics of the situation has 
proved this opinion to be incorrect, since these small 
consumers in densely populated areas represent a sur¬ 
prisingly large consumption and revenue per mile of 
feeder. Furthermore, the longer the consumer has an 
installation, the higher the consumption. In Sunder¬ 
land, for example, the average consumption for domestic 


200, and 2 300, respectively. 

the higher the standard of lighting the more hours it will 
be used per annum. This is because artificial light is not 
used until it is better than the daylight available. Better 
artificial light, therefore, means later “ switching off ” 
in the morning and earlier “ switching on ” in the after¬ 
noon. Apart altogether from this fact, attention should 
be given to the influence of changes in building construe- 
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tion and the requirements of certain consumers. For 
example, those responsible for rebuilding schemes in 
congested areas find it impossible to provide adequate 
daylight in the innermost parts of rooms for much of the 
year, and this involves supplementary artificial lighting. 
Shopkeepers, when reconstructing shop fronts, often 
obtain added window display space by having deep 
re-entrant windows. This, together with the knowledge 
that artificial lighting helps to sell goods, results m these 
premises taking electricity supplies during many hours 

of daylight. 

domestic lighting 

Table 4 refers to the growth of lighting consumption 
in mixed groups of houses in two districts of North 

London:— 

Table 4 



Hendon houses 
(approximately 100) 

Finchley houses 
(approximately 100) 

Year 

Average 
annual_ 
consumption 
per house 

Percentage 
of 1922 
consumption 

Average 
annual 
consumption 
per house 

Percentage 
of 1922 
consumption 

I 

1922 

kWh 

279 

100 

kWh 

228 

100 

1924 

328 

118 ' 

286 

126 

1926 

348 

121 

385 

168 

1928 

363 

134 

403 

177 

1930 

428 

153 

469 

201 

1932 

425 

152 

448 

197 

1934 

475 

170 

622 

229 

1936 

706 

263 

531 

233 


Householders are gradually adopting 75- and 100-watt 
lamps in preference to 40- and 60-watt lamps. This is 
noticed in the sales of electric lamps, there being a steady 
increase in the average wattage of lamps sold in this 


A study of the load curves of a number of undertakings, 
of which those for Hull and Sunderland are typical, 
reveals the interesting fact that the average maximum 
demand per domestic consumer for lighting purposes 
approximates 160 to 200 watts,and it is conceded that 
the average consumption for domestic lighting purposes 
in these towns is at least 150-200 kWh per annum (see 

Table 6). . ^ ^ 

This means that the hours use per kilowatt demand 

must be of the order of 1 000 per annum, and that the 
annual load factor approximates 12j %.t ^ These figures 
are substantially higher than those obtaining a few years 
ago, and the increase is undoubtedly traceable to the use 
of higher standards of lighting and increased hours of use. 
Radio, especially in rural and suburban areas, has 


Table 6 


Town 

Number of 
domestic 
, consumers 

i 

Estimated 

domestic 

lighting 

max. 

demand, 

summer 

Sunday 

night 

Demand 

per 

domestic 

consumer 

1 

Average 

annual 

lighting 

consumption 



kVA 

kVA 

kWh 

Sunderland 

15.000 

3 000 

0-200 

200 

Hull 

67 000 

11 000 

O'160 

150 


encouraged increased use of lighting, while the prevalence 
of 2-part tariffs with a small secondary charge is en¬ 
couraging a freer use of light. Radio sets and the 
extended use of small accessories also account for some 
of the additional consumption. 

SHOP LIGHTING 

There has been a phenomenal growth in shop lighting 
during recent years. Fig. 1 is t 3 rpical of the increased 
consumption for a row of small shops in suburban areas. 


Table 5 


Towm 

Scheme 

Number of 
consumers 

Units supplied 
free 

Payments 

collected 

Customers _ 
exceeding unit 
allowance 

Average 

consumption 

Sunderland 

Blackburn 

Croydon 

Assisted wiring* 
Assisted wiring* 
Assisted wiring* 

7 279 

3 676 

9 800 

240 

260 

168 

Weekly 

Weekly 

Weekly 

% 

70 

70 

88 

kWh 

341 

299 

346 


-—-t: -; . iron WPTP provided free, additional units being supplied at p. or Id. 

* la these schemes wirmg, lamps, and an iron, were proviaea , ^ ^ pnn<;nmt>tion 

. . X x- ^ r,f frPP units has been increased. This still further increases consumpiion. 

Instead of reducing the unit charge from time to time the number of free umts has oeen increa 


country. It will be noted from Table 4 that the con¬ 
sumption for domestic consumers in Hendon and Finchley 
has doubled in the last 12 years. Equally interesting is 
an aspect of domestic lighting consumption in Croydon, 
Sunderland, and Blackburn (see Table 5). A weeldy 
charge is made in each case and a certain number of units 
are provided without extra charge. The average con¬ 
sumption is much higher than that assumed for t e 
coun^ as a whole (see Table 3), while over 70 % of the 
consumers exceed the allowance of '' all in units. 


Increases of 16 to 20 % per annum are not uncommon 
for the whole of a shopping district. The experience of 
the Antrim Electricity Distribution Co. is also interesting. 
Fifty shops, excluding multiple stores, in 6 small towns 
showed practically no increased consumption during the 
first year of supply, but during 1936-7 the increase was 
16*1%. Table 7 reveals the remarkable increases 


= Deduced from Sunday evening load curve and number of consumers (see 

^Woodward and Came estimate annual domestic lighting load factor ^ 
»ups to be between 18 % and 22 % (see LE.E. Journal, 1932, vol. 71, p. 852). 



Load factor, per cent Average consumption per shop per annum; kWh 
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Price per kWh, pence 


Fig. 2. Load factor of 70 departmental stores. 

# 50-100 kW maximum demand. 

O 100-500 kW maximum demand. 

0 Over 500 kW maximum demand. 
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associated with different kinds of shops. The author It should be recognized that an improvement in load 
Tire*es supoly engineers to compile similar data and factor has taken place with the improvement in s op 
statistics from their own records. lighting. Fig. 2 shows the load factors of 70 departmental 


Table 7 


Increase in Consumption of Shops 


Type of shop 

Gloucester, 55 shops 

Brighton, 64 shops 

Islington, 34 shops 

Consumption 

Consumption 

Consumption 

1921 

19S3 

1922 

1933 

1922 

1933 

13 Bakers . . • . 

17 Boots and shoes . . 

19 Butchers . . 

14 Chemists . . 

18 Drapers . . 

17 Grocers 

15 Men’s outfitters . . 

12 Furnishers . . • . • • 

13 Ironmongers 

14 Jewellers . . 

» 

kWh 

744 

520 

390 

1 226 

6 150 

715 

616 

906 

651 

543 

kWh 

3 800 

2 069 

1 120 

5 190 

62 323 

2 480 

2 180 

6 955 

1 604 

3 116 

kWh 

640 

1 178 

625 

454 

2 667 

706 

1 116 

1 389 

501 

1 340 

kWh 

1 821 

2 848 

1 649 

1 580 

11 777 

1 228 

2 046 

11 551 

1 313 

2 147 

kWh 

2 232 

1 932 

3 364 

1 699 

947 

1 632 

1 502 

2 374 

471 

2 080 

kWh 

3 752 

3 672 

4 742 

1 749 

1 650 

2 354 

6 670 

7 962 

2 272 

3 826 


Most of this increase in shop lighting has been due to stores plotted against the price per kWh. A further 
improvements in windows and window lighting. Surveys survey in 1936 shows that a sample of 24 of these stores 
of shop windows in 1925 and 1934 indicated that the had received reductions in price per kWh amounting to 













1936 





19'] 









T931 











l 

920/^ 















— 

) 





A 

r\r\r\r\ 



OJ 

o 

u 

0) 

Qh 

Jin'" 

.s 


Cm 

■§ 

O 


40000 

Annual consumptioiijkWn 
Fig. 3.—Increase in lighting for 50 Cheltenham shops. 






wattage per frontage had increased by 150 % in the 
9 years under review. The largest field of shop lighting, 
namely, the adec^^uate lighting of interiors, has made 
much less progress. 


20 %, and that the load factor of the group had im¬ 
proved by 10 %. One is led to the view that many of 
these stores are paying amply for the electricity used, 
bearing in mind the long hours’ use of the load. Dr. 
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Table 8 

City of London Electric Lighting Co., Ltd. 


Year 

Number of 
consumers 

Connected load 

Units sold 

Units per kW 
of max. 
demand 

Load factor 

Proportion of 
lighting revenue 
to whole 

1 

1934 

19 548 

kW 

35 452 

37 744 660 

1 330 

% 

15-18 

60-3 

1935 

19 593 

36 245 

41 993 094 

1 448 

16-53 

58-3 

1936 

20 087 

37 388 

1 44 785 587 

1 497 

17-1 

56-6 


Adolph,basing his conclusions on his experience with 
the Berlin supply undertaking, makes the following 
important statement on the question of tariffs for com¬ 
mercial premises: “As lighting represents generally 
only a relatively small percentage of the total costs of 
running a business, a prohibitive tariff policy does not 
materially alter consumption at the peak-load time. 
Tariffs which are favourable to lighting consumption 
encourage consumption outside peak time and thereby 
improve the load curve.” 

Fig. 3 shows experience in a group of 50 shops at 
Cheltenham, in which maximum-demand indicators are 
installed. With a 15 % increase in kilowatt demand 
between 1931 and 1936, the consumption has increased 
more rapidly and the load factor has proportionately 
increased. The advent of the 2-part tariff makes it 
increasingly difficult to follow these trends with cer¬ 
tainty, but the experience of the City of London Elec¬ 
tricity Supply Co. appears to be conclusive. The area 
mainly comprises shops, offices, and warehouses, the two 
first-named seldom being lighted after closing time as the 
City of London is deserted when the offices close down. 
Under such conditions one would expect a poor load 
factor from lighting. It is interesting to note the im¬ 
provement in the standard of fighting during recent 
years, and that, while the lighting consumption has 
increased, the load factor has improved by 12 %. This 
example is quoted to show that even under the worst 
conditions development of fighting is advantageous from 
engineering and economic points of view (see Table 8). 

Table 9 gives the consumption in 1921 and 1936 of 
some typical business premises in the City of London. 

The author suggests that engineers should concentrate 
on obtaining detailed statistics relating to consumption 
before and after rebuilding schemes have been put into 
operation. New buildings invariably include radical 
improvements in fighting, which result in greatly 
increased consumption. 

Such experience is not confined to this country, since 
Seegerf has shown -that in Germany and France increased 
fighting demand results in increased hours of use per 
annum. One cure for a commercial lighting peak is 
clearly that of encouraging higher standards of fighting 
in shops and stores. 

Returns from 179 departmental stores reveal for 1932 
a consumption of no less than 53 million units, 15 of the 
largest being responsible for half this amount. It is 
evident that a substantial increase in consumption has 
taken place since that date. 

* “ The Light Demand as an Economic Factor,” I.M.E.A. Journal, October, 
1935,m 164. 

t “Lighting Consumption in Europe,” - International Commission on 
Illumination, July, 1935. 


Table 9 


Examples showing Consumption in Individual Cases 



1921 

193(5 


kWh 

kWh 

Printing and allied trades 



1 

2 284 

55 530 

2 

37 018 

275 981 

3 

36 589 

25 906 

Catering 



1 

41 961 

110 627 

2 

752 

7 311 

3 

1 491 

9 192 

4 

5 496 

21 637 

Men’s outfitters 



1 

24 755 

59 133 

2 

3 766 

18 801 

3 

2 561 

11 104 

4 

5 344 

60 480 

5 

9 896 

39 190 

Manufiaciu re rs 


j 

1 

8 965 

1 415 

2 

21 575 

62 064 

3 

7 532 

75 602 

4 

7 734 

28 569 

Jewellery trade 



1 

13 140 

45 417 

2 

12 113 

105 231 

Warehouses, hanks, and 
insurance companies 



1 

8 946 

72 248 

2 

8 062 

169 222 

3 

13 064 

19 576 

4 

16 998 

41 368 

5 

4 681 

15 998 

6 

47 607 

40 446 

7 

14 960 

26 628 

8 

41248 

11 746 

9 

6 110 

54 664 

10 

2 211 

29 396 

11 

22 100 

15 932 

12 

17 921 

14 252 

Rebuilding (after 1921) 



1 

890 

20 208 

2 

11 024 

76 274 

3 

2 742 . 

8 894 

4 

13 887 

70 686 
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It is not the large retail stores, however, 'that require 
regular advice on lighting matters. These stores in 
some ways set the pace. The small shops can well do 
with advice from the electrical industry. Many interiors 
are still lighted with less than 1 watt per square foot. 
An ordinary shop requires at least 2 watts per square 
foot for general lighting, with as much again for lighting 
showcases and displays. 

Diversity of lighting load 

Contrary to common belief, there is considerable 
diversity in some types of lighting load. Woodward and 
Came give a diversity factor of 2 : 1 for domestic lighting, 
probably due to the increasing tendency of the public to 
spend some evenings at friends' houses or at cinemas 
(curiously enough the Sunday night lighting demand in 
many areas shows little diversity). 

•Off-peak lighting loads 

Clearly, too, certain forms of lighting load occur at 
off-peak periods (assuming the normal peak period to be 
between 4.30 p.m. and 5.30 p.in. in November). First 


Table 10 

Lighting Load Characteristics 


Type of load 

Load factor 
(individual) 

Approximate 
hours’ use 
per annum 

Percentage 
demand at 
station peak 

Domestic 

% 

10 

800 

50 

Retail shop 

10-30 

800-2 400 

100 

Factory:— 

1 shift . . 

5-12| 

400-1 000 

100 

3 shifts 

60 

4 800 

100 

Cinemas . . 

10-20 

800-1 600 

Up to 100 

Public houses 

10-15 

800-1 200 

Nil 

Schools . . 


200 

Nil 

Churches 

2 

160 

Nil 

Street lighting:— 
Half night 

22 

1 800 


All night 

50 

4 000 

100 

Traffic signals 

Up to 100 

Up to 8 700 

100 


in this category come public-houses. The 70 000 licensed 
premises in this country are not allowed by law to be open 
during the period 4.30 p.m. to 5.30 p.m., and hence all 
their lighting consumption is off-peak. Although im¬ 
provements in public-house lighting during the past 
5 years have been remarkable, these premises still oher 
an important opportunity for load-building. 

Similarly, school lighting is for the most part off-peak. 
School finishes before 4.30 p.m., and even where the 
school is used for evening classes these do not commence 
until 6 or 7 p.m. In spite, therefore, of the fact that the 
hours of use per annum for school lighting are small, this 
type of load is profitable to the undertaking. The Board 
of Education's recent recommendation*^ of 10 foot-candles 
in classrooms is for approximately double the amount 
obtaining to-day. Lighting for churches and halls is also 
required at a later hour than the usual peak time. 

* “ Elementary School Buildings,” p. 99, 


Cinemas 

■ Cinemas constructed 12 years ago had little vestibule 
space, the maximum area being allotted to the audi¬ 
torium, where lighting was used only between pictures. 
To-day, however, cinemas are built with vestibules and 
restaurants occupying a much bigger proportion of the 
total floor area, and these areas use light continuously 
all the time the premises are open. This is reflected in 
the load factor, that of newer cinemas being as high as 
20 %, while that of older premises approximates to only 
half this value. 

Illuminations 

Then, too, illuminations at health resorts provide 
interesting data, headed with the amazing spectacles at 
Blackpool and Southend, totalling a demand of 4000kW- 
These illuminations, in extending the season, assist the 
general sale of electricity, and it should be recognized 
that this demand is clear of the autumn peak on which 
the '' grid charges " are made. Units sold for this pur¬ 
pose represent valuable additions to revenue, while the 
cost is little more than the unit rate of supply. 

Before dismissing the question of demand at station 
peak, it is well to remember that cooking, in some dis¬ 
tricts, is causing the major peak, and for this reason some 
engineers are beginning to reconsider the possibilities of 
lighting generally as an off-peak load for their under¬ 
takings. 

ELECTRICITY TARIFFS 

Because grid charges are made on a 2-part basis, there 
is no inherent reason why lighting and domestic con¬ 
sumers should be charged on the same basis. The 2-part 
tariff does, however, provide a good foundation for steady 
income and a psychologically good incentive for increased 
consumption. There does not appear, however, to be 
any justification for assessing the fixed charge for lighting 
on a kVA basis, so far as the consumer is concerned. It 
matters little if the computation of the charge is made in 
this way for internal purposes, although this may be 
challenged on the score of equity by some classes of 
lighting consumers, but the kVA basis, or its equivalent 
number of lamps, should be rigidly excluded from 
negotiations with all except very large consumers, since 
it imposes an unnecessary restraint on the installation of 
additional lighting. The author concedes that in some 
shop lighting the introduction of a 2-part tariff with the 
fixed charge based on the installed load has resulted in 
increased consumption, but his general experience leads 
him to the view that the tariff with the kVA basis for the 
fixed charge handicaps progress. 

The author does not favour a uniform type of tariff 
for all classes of lighting consumers. By modification of 
a tariff to suit a given set of conditions, the undertaking 
can obtain revenue not otherwise possible. By all 
means have a simple uniform tariff for domestic consumers 
and for the basic lighting requirements of small shops, 
but undertakings should safeguard the right to give 
appropriate terms for special requirements. 

Mr. J. N. Waite has afforded the author an interesting 
example of flexibility in tariff negotiations. A certain 
public-house within the Hull area of supply installed an 
entirely new system of architectural lighting, the demand 
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ditions are still far from satisfactory. The 1937 Factory 
Act comes into operation in July, 1938, and the Depart¬ 
mental Committee on Factory Lighting set up by the 
Home Office is at present considering standards of 
lighting in connection with the working of this Act. 
Recent investigations show to what a remarkable extent 
industrial lighting could be developed on economical 
grounds, although it is probable that “ welfarecon¬ 
siderations will have greater force in future development. 

STREET LIGHTING 

Fig. 4 shows the growth of electricity used for street 
lighting during the years 1923-1935. This growth is 
due to:— 

(1) Improvements to existing public lighting. 

(2) The provision of public lighting in new housing 
estates and in villages previously without public lighting. 

(3) Conversion of gas-lighted posts to electrically- 
lighted posts. 


280 


240 


200 

.x: 

160 

O 

2 no 


S 80 


40 


1923 24 25 26 27 28 29 30 31 32 33 34 35 

Years 

Fig. 4,—Increase in public electric lighting in Great Britain, 1923-35. 



being 15 kVA instead of the 3 kVA obtaining previously. 
After the first year the consumer cut down his lighting by 
30 % on the score of cost. Realizing that the load never 
came at the peak period, Mr. Waite modified the method 
of charge so as to encourage the retention of the full 
lighting system. Similarly, much can be done by 
encouraging display lighting, floodlighting, and electric 
signs, at terms approaching ^d. or Id, per unit, provided 
the use continues from dusk to midnight, with a possible 
limitation of switching on after 6 p.m.'* when required. 
A general restriction clause after 6 p.m.^' in the case of, 
say, floodlighting from dusk to midnight, represents a 
reduction of 12 % on the units which would be taken if 
the proposals outlined by the author were adopted. 

INDUSTRIAL LIGHTING 
There are 546 303 premises throughout the country 
which come under the Home Office regulations, but the 
value of the lighting load in industrial premises is masked 
by the fact that lighting units are frequently included in 


the power consumption. Consumption varies widely 
according to the type of the premises, the nature of the 
work, and the economic conditions prevailing. For 
example, a multi-story factory costs more to light per 
annum than a single-story building with a north-light 
roof, although the latter costs more to warm and keep 
cool. Plant with overhead gear, such as is used in the 
textile industry, involves prolonged use of artificial light, 
even during daytime. Also there are factories which are 
engaged on work involving day and night operation. 
Artificial lighting conditions in factories regularly receive 
the careful consideration of H.M. Inspectors of Factories, 
and now that the Factory Act, 1937, gives mandatory 
powers to the Home Office to require prescribed standards 
of lighting, there is a likelihood of more rapid improve,- 
ment in lighting conditions. Many large industrial con¬ 
cerns already provide proper lighting, but in the smaller 
factories, and especially in older buildings, lighting con¬ 


investigations into the light output of gas burners, and 
a study of the economies of electric street lighting,* 
provided data for meeting gas ecompetition, and this, 
together with the advent of the electric discharge lamp, 
has resulted in some 1 500 miles of street lighting being 
changed from gas to electricity during the past 3 
years. 

The provision of electric street lighting where none 
existed previously accounts for a similar increase in 
mileage lighted. In spite of remarkable advancements 
during recent years, much of the existing electric street 
lighting (particularly in side streets) is out of date, 
and, furthermore, there are some 500 000 street lamps 
still lighted by gas. Allowing for the possible use of 
electric discharge lamps, the author estimates the 
potential consumption of electricity for public lighting at 
1100 X 10® kWh per annum. 

* J. N. Waite and W. J. Jones: Proceedings of the I MSA., 1932, p. 64. 
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representing better prospects once or twice a year. He is 
expected to make himself responsible for adding 200- 


NEW LIGHT SOURCES 

The question will naturally be asked: “What of 
the new light sources and the lighting load ? Will not 
the advent of light sources 3 to 5 times more efficient 
than tungsten lamps cause a falling-off in lighting con¬ 
sumption and corresponding loss of revenue?” The 
author believes that such a danger is only likely with a 
passive development policy. So far as domestic lighting 
is concerned, the adoption of a universal 2-part tariff 
safeguards the position, but more active steps are 
required to make the 2-part tariff universal. To achieve 
this ideal, the adoption of the 2-part tariff must show an 
advantage to existing lighting consumers. The general 
adoption of a 2-part tariff can be brought about in the 
following ways 

(1) By giving the consumer no option. This is tanta¬ 
mount to raising the price of electricity for lighting. 

(2) By Towering the fixed charge and/or secondary 
charge. This will often represent a loss of revenue 
which cannot be contemplated. 

(3) By actively promoting increase in lighting. This 
automatically brings the consumer to a position where 
he will find it advantageous to go over to the 2-part tariff. 

Alternative (3) appears preferable as it converts the 
small consumer into a more profitable consumer and 
provides the extra revenue for financing the promotional 

activities. 

So far as commercial consumers are concerned, each 
improvement in the luminous efficiency of light sources 
has coincided with increased consumption, but under¬ 
takings cannot expect this remarkable situation to be 
maintained in the future without positive promotional 

efforts. 

ACTIVITIES TO PROMOTE INCREASE JN 
LIGHTING IN AMERICA 
The author recently had the opportunity of studying 
lighting-promotion activities in the United States and 
Canada. Undertakings make an economic approach to 
the problem by estimating the cost of adding load to 
produce 1 dollar of earned annual revenue. The fact is 
recognized that load increments bring in revenue year 
after year and for this reason justify piomotion expendi¬ 
ture approximating 50 to 100 per cent of the first year s 
revenue from the added load. The economic advantage 
of promoting commercial lighting is found to be such 
that central stations can obtain $1 earned annual revenue 
at a cost of 50bents. The cost of promoting home lighting 
approximates one dollar per dollar of earned annual 

revenue. 

The development officers employed on commercial 
lighting have some knowledge of lighting but are not 
necessarily engineers. They are chosen primarily for 
their commercial ability, since they may always obtain 
the expert assistance of lighting engineers from head¬ 
quarters. The lighting departments also employ 
specialists for liaison work with architects. Many 
undertakings employ one lighting salesman per 1 000 
commercial consumers (comprising shops, offices, work¬ 
shops, schools, churches, cinemas, hotels, etc.), and the 
salesman is expected to call on all commercial consumers 
in his territory at least once in two years, and those 


250 kW per annum. 

Assuming that a lighting development officer m Great 
Britain added 100 lAV of commercial lighting per 
annum, then at 10 % load factor and 2d. per unit this 
increment in load would produce an earned annual 
revenue of £730—sufficient to pay the salary of two 
salesmen at present rates of pay prevailing in supply 
undertakings. 

Home-lighting advisers 

Of almost equal interest is the organized effort in the 
U.S.A. to improve domestic lighting. Supply under¬ 
takings have 1 800 home-lighting advisers on their staffs 
to call at homes and, with the help of simple demon¬ 
strations, give suggestion for improvements in lighting. 
Already 2 million homes have been called on in this way. 
Compare this with our own practice of never going near 
the bulk of our domestic consumers unless a fuse blows, 
or unless it is necessary to discuss a new tariff.^ Our 
main contact between supplier and consumer is the 
sending of a bill once a quarter. 

A typical lighting department 

Fig. 5 shows the organization chart of the Lighting 
Department of the Buffalo, Niagara, and Eastern Power 
Corporation, while particulars of the areas covered and 
the results obtained are given below. 

Similar information is given in the Appendix for other 
districts, varying from the large Chicago undertaking to 
a small undertaking at the lakeside town of Sandusk)?-. 

The author believes that similar organizations, suitably 
adapted to British conditions, could well find a place 
within the commercial operations of electricity supply in 
this country. 


Buffalo, Niagara, and Eastern Power Corporation 


Town 

Population 

Staff on lighting promotion 

Buffalo . , 

500 000 

10 for commercial 

lighting; 

2 for industrial 

lighting; 
supported by 

4 engineers in office 


• 

for preparing 
plans, etc. 

Batavia .. 

35 000 

1 man 

Bradford 

25 000 

1 man 

Niagara .. 

75 000 

3 men 

Clean 

36 000 

1 man 

Tonawanda 

26 000 

1 man 

Semi-rural areas 

9 000 homes 

3 men 

— 


Results ',— 

Load added: 200 kW per man per annum. 

Revenue: 1 6 000 per man per annum. 

Average revenue per unit in Metropolitan area, 
1*8 cents. 
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Average revenue per unit outside Metropolitan area, 
.2*4 cents. 

Earned annual revenue per kW added works out at 
$35 for commercial lighting. 

Earned annual revenue for kW added works out at 
$22 for industrial lighting. 

Home-lighting promotion. 

Staff, 18 home-lighting advisers. 

One girl prepares plans for builders and 
special customers at rate of plans per 
day. 

Each adviser makes 500 home-lighting 
demonstrations per annum. 

Revenue. Average revenue per unit in Metropolitan 
area, 1-J- cents. 

«ij 

Average revenue per unit outside Metro¬ 
politan area, 2| cents. 


Results. 165 kW per girl per annuli, representing an 
increase of annual consumption of 125 000 
units per annum per adviser, and an extra 
annual revenue of $1 800 per adviser in 
the Metropolitan area and $3 000 per 
annum outside the Metropolitan area. 

Experience shows that neighbours of house¬ 
holds adopting recommendations increase 
their lighting by 75 %. The load increase 
may therefore be estimated at three times 
that actually installed. 

POTENTIALITIES OF LIGHTING LOAD 
The full economic expansion of electrical services can 
be attained only when the consumer recognizes his needs 
and is shown the means of meeting them. There is 
ever-increasing competition to secure a share of the con¬ 
sumer’s income, and for this reason alone the electrical 




Promotion of all forms of lighting by means of:— 

Canvass of commercial and industrial customers. 

Canvass of residential customers. 

Wiring and lighting layouts and specifications. 

Testing of new equipment. 

Architectural consulting service. 

Building contractor consulting service. 

Trial installations. 

Studies on applied lighting research. 

Street and highway lighting promotion. 

Electrical contractor and jobber consulting service. 

Campaigns on residential lighting equipment. 

Co-operative lighting merchandise sales programme with dealers. 
Sales training for retail sales personnel. 



Pi^. 5. Organization chart of lighting sales department, Buffalo, Niagara, and Eastern Power Corporation. 
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industry cannot afford to take what comes, but must 
itself seek expansion within the economic limits. 

Capital and time have been expended in connecting 
the consumer to the mains, but it should be recognized 
that the present consumption can be readily doubled or 
trebled. 

Table 11 summarizes the potentialities of lighting 
consumption, assuming moderate increases over that 
prevailing, and the author believes that the promotion of 
the lighting load represents an important means of 
obtaining more revenue per £ of capital expenditure. 

Table 11 



Present 

consumption 

Objective 

consumption 

Domestic . . 

kWh X 10'‘ 

1 400 

kWh X 10® 

5 500 

Commercial 

1 750 

6 800 

Industrial . . 

800 

3 200 

Street lighting 

271 

1 100 


4 221 

16 600 


A check on 50 000 people asked to choose how much 
electric light they would like to have for reading revealed 
an average figure some 20 times greater than is commonly 
used. While there is an obvious limit to the consump¬ 
tion of electricity for heating and cooking, the principal 
limit of consumption for lighting purposes—^whether for 
utility or decoration—^is an economic one. There is 
everything to be gained by developing all uses of elec¬ 
tricity, but this should not warrant the neglect of the 
economic expansion of the load which at the present time 
provides such a large proportion of the total revenue 
accruing to supply undertakings. 

Finally, the author desires to thank all those who have 
helped in the preparation of this paper by providing data. 

APPENDIX 

LIGHTING-PROMOTION ORGANIZATIONS IN 
VARIOUS AMERICAN TOWNS 

Ohio Public Service, Sandusky 

The population is 28 000. Of these, 7 000 are domestic 
consumers with an annual consumption of 720 kWh, and 
782 commercial consumers, with a consumption of 
4 392 kWh. 

The lighting service staff consists of one man with a 
salary of |100 per month, plus commission on sales of 
fittings. In 1936 he earned $5 000. 


The load added in 1936 was 446 kW of commercial 
lighting. 

The promotion of school lighting in this town is of 
special interest. The education authorit^^ has installed 
lightmeters in 140 classrooms, and teachers are instructed 
to switch on the lights when the lightmeter records less 
than 15 foot-candles. 


Montreal Company Operating outside City 


Town 

Population 

Lighting 

development staff 

Three Rivers 

30 000 

2 men, 1 girl 

Valley Field 

10 000 

1 man 

Victoria Ville 

7 000 

1 man 

Shawana Falls 

15 000 

1 man 


In the smaller towns the men do promotion work for 
both commercial and domestic consumers. 

Each kW added for commercial lighting brings in 
$35 per annum. 

Each kW added for domestic lighting brings in $25 
per annum. 

Each salesman adds 100 kW per annum. 

Salaries and expenses per annum for this work approxi¬ 
mate to the added revenue obtained in the first 12 months. 


Chicago Edison Co. 


Type of consumer 

Number 

Commercial 

125 000 

Industrial . . 

15 000 

Residential 

900 000 


Lighting Service Staff :— 

14 salesmen on industrial lighting in two areas. 

57 salesmen on commercial lighting in five areas. 
Lighting engineers on staff for preparing plans, etc. 
Stafi of “ call “ men employed for follow-up work. 

1 lighting specialist for school lighting. 

2 lighting specialists for street lighting. 

'3 lighting specialists for office lighting. 

4 lighting specialists for liaison with architects. 

Each commercial lighting salesman makes an average 
of 6 calls per day. 

The department installs up to 12 fittings for one month 
as a demonstration. 

150 lightmeters are available for loan to consumers 


[The discussion on this paper will be found on page 300.] 
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DISCUSSION BEFORE THE INSTITUTION, lOTH MARCH, 1938 


Mr. J. W. J. Townley: I do not agree with the 
author's statement on page 290 that "It is not long 
since some engineers expressed the opinion that the 
remaining small lighting consumers would not justify 
the capital expenditure involved in connecting them to 
a public supply. A study of the economics of the situ¬ 
ation had proved this opinion to be incorrect. ..." The 
small working-class consumer in this country who uses 
electricity for lighting alone provides an average revenue 
of about 35s. a year, yet it costs well over £2 to supply 
that consumer with his first unit. I think, however, 
that the author is referring here to the small consumer 
who uses electricity not only for lighting but also for 
other incidental purposes, because he goes on to show 
how the small consumer in Sunderland has increased 
his consumption from 175 to 341 units per annum. 
Such a total clearly includes energy taken for the small 
incidental uses referred to later in the paper, e.g. 
wireless (60-80 units a year, equal to the lighting 
consumption of many small consumers), and an electric 
iron. Again, it seems to me that the figures for 
lighting consumption given in Table 4 include uses 
other than lighting. I should like to emphasize that 
the small lighting consumer is of no value as such to 
the supply undertaking. He should be encouraged to 
increase his consumption by installing other apparatus, 
particularly a cooker or a water heater. 

The type of development mentioned by the author 
has to be very carefully handled by the supply industry, 
as, while there may be no limit to a consumer's absorb¬ 
ing power, there is a limit to his purse. Many con¬ 
sumers, I know, would gladly increase their lighting 
consumption if they could afford it. 

I should like to confirm some of the figured given in 
the paper for thp increase in the size of lamps used in 
recent years, particularly by domestic consumers. I 
have a large assisted wiring scheme with about 40 000 
consumers, and in 1932, out of 57 000 lamps issued 
under that scheme, 3 % were of 75 watts and over, 
w'hile in 1937 14 % were of 75 watts and over. 

I suggest that supply engineers should include in their 
assisted or hire wiring schemes for small consumers the 
provision of lamp replacements, because these consumers 
will not buy lamps and keep their holders filled. We 
have found a remarkably large number of installations 
where there was one lamp only and it was taken from 
one room to another; this is very, unsatisfactory. By 
the introduction of a maintenance scheme providing 
for the replacement of lamps without charge, we were 
able to increase the consumption of these consumers by 
no less than 20 %. 

The subject of tariffs is one which requires a great 
deal of consideration if we are going to get all the lighting 
load that is possible. For the large store some form of 
two-part tariff is satisfactory; because if we can inform 
the large shopkeeper that all the units he uses after 
ordinary shop lighting hours will cost him only, say, 
|d. a unit, it is easy to induce him to leave his shop 
windows illuminated after hours. We lend our show¬ 
room windows to local traders during the year for about 
a fortnight at a time, and we do our best to illuminate 


their goods satisfactorily. The result has been excel¬ 
lent, because the shopkeepers have said "This looks a 
great deal better than in my window; what shall I do 
about it? " At the same time, the development officer 
must handle his " prospect " with discretion. 

Public lighting presents a difficult problem because 
the lighting of our main highways is in the hands of the 
local authorities, and an increase in street lighting means 
an increased charge on the rates. The solution is to 
induce the borough surveyor and the highways com¬ 
mittee to allow a stretch of experimental lighting to 
be put up entirely at the expense of the electricity supply 
undertaking, with the promise that it will be taken down 
if so desired. Once the improved lighting has been 
put up, owing to the pressure of public opinion the 
highways committee will not discontinue it, and there 
usually follows a demand for a general improvement 
in the local street lighting. 

Mr. A. Cimnington : I agree with the author that 
railway lighting offers a possible field for the develop¬ 
ment of electric lighting. So far as the Southern Railway 
is concerned, there has been some development in that 
direction; 25 years ago 3 % of our stations were electric¬ 
ally lighted, and the figure is now about 20 %. Taking 
the area within 50 miles of London, where a supply is 
available at practically every station (in Devon, CornwalJ, 
and elsewhere thgre are remote country stations where 
there is no supply), 40 % of our stations have been 
converted to electric lighting. The change-over has 
been almost always made on economic grounds, though 
there may be certain special cases where matters of 
pohcy have entered into consideration. 

The two-part tariff is very well suited to railway 
lighting because our average hours of use are fairly 
long. It is also valuable from the point of view that it 
enables us to employ electric heating in such a place as 
a small signal-box at the end of a lighting service. 

With regard to the load factor of railway lighting, 
nearly all our connected load does come on at the peak 
time, but the average running hours are long, and there 
is a tendency for all-night lighting to increase, especially 
in suburban areas, owing to the increased necessity for 
shunting at night where there is an intensified electric 
passenger-train service. Our colour-light signals, with 
approximately 100 % load factor, on the lines of the 
traffic signals to which the author refers, are another 
useful load. 

An experience which I have had recently with a 
floodlighting scheme suggests that it is possible to deal 
with the question of off-peak load to some extent. We 
had a large scheme of about 100 kW, and although the 
supply authority were a little concerned about it they 
were able to offer very favourable terms provided we 
switched out the floodlighting during the worst peak 
point in the winter. This did not make much difference, 
because the advertising value of the floodlighting was 
mainly associated with the period after 6 p.m., when 
people were travelling home. A good deal of flood¬ 
lighting could no doubt be arranged to come on after 
the peak period in this manner. 

I should like to refer to the question of the small 
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accessories which Mr. Tovmley quite rightly said could 
not be classed as lighting, but which are closely allied 
to it. If facilities for plug connections and built-in 
fittings were greater, there would be considerable 
development of the load. The electrical contractor may 
be to blame here. I can instance the case of a friend of 
mine who has recently occupied a new house, built on 
modern lines, about 25 miles from London. He applied 
for an electric lighting supply and was able to obtain it 
without difficulty, but the specification which the supply 
authority put forward for electric lighting included one 
point in the centre of the lounge and one plug on the 
skirting-board near the fireplace. This is what I had 
20 years ago, and it is very unsatisfactoiy?' to find a 
modern house so scantily equipped. 

I have for some time felt strongly that there is room 
for considerable development in regard to facilities for 
small accessories such as table lamps. I do not see 
why plugs should always.be placed on the skirting-board 
level and behind the furniture, where we have to grovel 
after them; why should not they be fixed at the height 
of the dado rail or its equivalent ? Table laimps should 
be supplied with a short, semi-rigid connection like a 
piece of flexible metallic tube, which could be pushed 
into a socket, and I should like to see 10 socket-outlets 
per room instead of one. 

I agree with the author’s general conclusions as to 
the potentialities of lighting-consumption development, 
but I think that to secure such development three things 
in particular are necessary. Firstly, increased facilities 
such as I have suggested; secondly, more progressive 
canvassing; and thirdly—and most important—the 
universal provision of simpler and more attractive 
tariffs. 

Mr. Forbes Jackson: It is rather difficult for us as 
electrical engineers to take a detached view of the 
relationship between the supply industry and the con¬ 
sumer. Our duty as engineers is to use the resources 
of nature and our consumers’ money to the best advan¬ 
tage, but as partners in the electrical industry we are 
naturally inclined to sell as much electricity as we can. 
I sometimes feel, when discussing matters with electrical 
people, that we are apt to forget that we ought to be 
engineers first and electrical missionaries second. I 
make this remark because of a sentence in the paper 
(page 294) to which I should like to call attention: 
“New buildings invariably include radical improve¬ 
ments in lighting, which result in greatly increased 
consumption.” It is not that at the cost of some 
increased consumption we can obtain some improvement 
in lighting; the sense of that sentence is obviously that 
the desirable thing is the greatly increased consumption. 
Would any of us buy a motor-car if we read in the 
prospectus that the manufacturer had introduced sonie 
improvements which had greatly increased the petrol 
consumption ? 

It seems clear that we are now entering on a phase of 
greater use of lighting, or possibly greater extravagance 
in lighting. The electrical industry is clearly the only 
industr}?' which is concerned in this question, and it has 
to make up its mind what part it is going to play. Our 
main contribution to the question of lighting will be 
concerned with the price that we are going to charge 


for it. The original lighting tarifis were very clearly 
related to the cost of giving the supply: there was only 
the lighting load, and obviously it had to bear the whole 
cost. Nowadays, however, lighting supplies are being 
charged rather on the basis of what revenue they will 
bring in than of w^-hat they cost to give. As an example, 
I have in mind a pumping station where some 2-|- million 
units are being used for power at a load factor of 56 %, 
and for that I am paying rather over l-d. a unit. Because 
that station was built very largely underground, the 
lighting load-factor is also very good, and by a coinci¬ 
dence it happens to be 56 % also. I found, however, 
that I had to pay 4|d. a unit for lighting; I raised the 
question with the engineer of the company, who said 
that he could not reduce the figure below 2|d. because 
the energy w^as being used for lighting. 

I agree with what the author says about the use of 
lighting canvassers. I am sure that there is a market 
for more energy for lighting, particularly in small 
businesses and in middle-class houses where the desire 
for a little additional luxury and the money to pay for 
it are present. In the case of business premises a greater 
lighting consumption would not embarrass the supply 
undertakings, because the maximum-demand increase 
which would follow as a matter of course is already taken 
care of, the tariff being based either on a measured 
maximum-demand or on the connected load; but with 
the domestic two-part tariff, based originally on some 
assumption with regard to the normal lighting load, 
there is no means of altering the fixed charge if the 
maximum demand goes up, and therefore a greatly 
increased lighting consumption may make it necessary 
to put up tile fixed charge. 

I have read the author's remarks on schools with 
great care; I am afraid that the load factor of a day 
school is fairly bad. In the elementary schools the 
children stay until 4.30 p.m., their Christmas holidays 
are short, and on several days in the year the maximum 
load must occur at the peak period. Another point is 
that the hours during which the children enjoy the 
additional lighting are few, and broadly speaking the 
school has to be equipped wfith an expensive lighting 
installation in order that the charwomen niay have 
plenty of light when cleaning the building. If evening 
classes are held on the premises, however, the load comes 
on again at about 7 p.m. and obviously much greater 
use is made of the installation. 

As regards the use of photo-electric cells for switching 
on artificial light when daylight becomes faint, we have 
tried and abandoned this type of equipment. On 
certain days the effect of clouds passing over the sun is 
sufficient to cut the cell in and out, with the result that 
the lighting is constantly changing. The eye itself has 
so much margin as between good light and bad light 
that one can afford to let the teacher switch on the 
artificial lighting when daylight has ceased to be 
adequate. 

Mr, S. J. Patmore: I should like to refer to the 
psychological effect which two-part tariffs based on the 
maximum load installed produce on the consumer. 
I recently had the privilege of giving, on behalf of a 
supply authority, a lecture to a local Chamber of Com¬ 
merce on the development of commercial lighting. The 
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subsequent discussion centred on the subject of two-part 
tariffs and after-hour lighting. The undertaking had 
a two-part tarij5f for commercial premises which was 
based on the 'wattage of the lamps installed; and, whilst 
it was proved conclusively in every case which was 
brought up that the owner of the shop would get his 
energy at a lower price on the two-part tariff, the fact 
of basing the fixed charge on the installed load seemed 
to be a psychological bar which kept consumers from 
going over from the ordinary lighting tariff to the ■two- 
part tariff. 

Every supply undertaking ought to arrange a special 
tariff for all-night lighting. I do not agree with the 
suggestion that there should be different tariffs for 
different people, but I think that all commercial 
premises in a supply undertaking's area should be given 
a similar tariff if they keep their lighting on for extended 
periods. 

Mr, To'wnley raised the question of the supply of 
lamps by supply undertakings to the assisted-wiiing 
t 3 q)e of consumer. Will the day ever come when the 
supply authority, as part of its normal tariff, will supply 
all types of consumers with all their lamps and other 
current-consuming devices ? There has recently been 
an example of a supply undertaking which seems to 
be giving away cookers. While the undertaking in 
question covers its costs by the tariffs it offers, the 
consumers are psychologically led to believe that they 
are obtaining their cookers free. In consequence, this 
undertaking has been able to develop considerably the 
domestic load in this field. Surely such tactics pay for 
consideration ? 

Mr. Townley says that he gives away lamps, and that 
by doing so he has increased the consumption of this 
type of consumer by 20%. I expect that if Mr. 
Townley did not do that, he, like many other engineers, 
would not get sufficient back from his assisted-wiring 
scheme to pay the interest and sinking-fund charges. 

Dr, J. Adolph: I should like to make a remark about 
our tariff policy in Berlin. We have a fixed charge for 
domestic consumers, based upon the number of rooms, 
and a running charge of 20 Pfg. per kWh. If consumers 
go over to electric cooking we give them another rate; 
we reduce the running charge from 20 Pfg. to 8 Pfg. and 
impose a higher fixed charge. The reason is that, after 
changing over to electric cooking, consumers find that 
their supply ^ for lighting is very cheap, because all 
the units which are used beyond the normal number 
are charged at 8 Pfg. I think that this system will 
lead to considerable development in the lighting of 
rooms. 

Mr. W. M. Selvey: The standard of illumination 
now obtaining in the kind of building in which the 
author is more particularly interested will gradually 
be reflected in the desire of those who use that kind of 
illumination during part of their day's work to have 
equal illumination for their hours of leisure. 

Very few people apart from those who are actively 
engaged in lighting buddings reahze how bad some of 
the early fittings were from the point of view of giving 
reasonable and uniform illumination, I have met with 
a standard of lighting as low as 1 foot-candle under 
old-fashioned conditions, and have increased it . to 


4 foot-candles by using a larger number of points at 
smaller wattage, and suitable fittings. 

In the early days I had the unusual experience of 
supplying a large batch of customers through current- 
limiters set at 150-180 watts, without metering. Supply 
was paid for at the rate of Is. 6d. per week. It was 
essential in this case to provide the whole installation in 
the cheapest possible way. The estimates of consumption 
were based on the figure of 3 units per house per week, 
which was purely for lighting, although no objection 
was made to the use of an electric iron. The arrange¬ 
ment worked satisfactorily at first, but the consumption 
later crept up to 6 units per week, which is much the 
same as the author’s figure. There were, however, com¬ 
plaints from the ordinary careful users as to the extrava¬ 
gant use of the supply by certain other consumers. 

The undertaking being found in a prosperous condition, 
the arrangement was abandoned in favour of, I believe, 
a tariff of Is. per week and 2d. per unit. By this time, 
however, the consumers had become so accustomed to a 
good standard of illumination that the consumption was 
not diminished by the change in the system of charging. 

Dr. C. C. Paterson: The lighting industry has been 
in considerable danger on more than one occasion; the 
danger has always come at times when there has been 
an attempt to define the level of adequate lighting, to 
lay it down in codes, and to try to get it put into regu¬ 
lations. It is fortunate that the industry has managed 
to prevent that being done, because the standards of 
lighting which people would have called adequate 
20-25 years ago, when there was a great move to define 
a standard, are very different from those which we 
consider adequate now. In these days, when there is 
much greater regulation of nearly everything, we have 
to be careful that such standards do not get laid down 
or obtain currency. I am sure that in 10 years' time 
our levels of lighting will be a great deal higher than 
those prevailing to-day. Daylight is about 50 times 
more intense than the artificial lighting to which we 
are accustomed, and there is no reason why artificial 
lighting should always be of a lower intensity than 
daylight. All that we have to learn is how to distribute 
the light from our sources in such a way that the en¬ 
hanced light intensities are beneficial and not annoying. 
For instance, we must ensure that there are not great 
variations in illumination as between one portion of a 
building and another. It is noteworthy that in places 
where efficient street lighting has been installed there 
has been an improvement in domestic lighting and 
also in the lighting of public buildings, because of the 
contrast which people feel when they come from a 
brilliantly-lighted street into a poorly-lit building. 

In^ the Ministry of Transport's recent report on street 
lighting the urge to lay down standards has been largely 
avoided so far as the level of lighting is concerned. 
Nevertheless, there are still those who would say that 
such and such an amount of lighting is the minimum to 
be permitted for streets. The moment such a minimum 
is feed it tends to become the established figure. It is 
satisfacto^ to find, therefore, that in the Ministry's 
report this figure, which could have been put down as 
a minimum for street lighting, is expressed in terms of 
a wide range of sources from which people can choose. 



JONES: THE LIGHTING LOAD: DISCUSSION 


Mr. R. Borlase Matthews (communicated ): Table 2, 
dealing with commercial lighting, might be improved 
by the addition of a very large potential and existing 
lighting load, namely that to farms, of which there are 
395 000. Of these, about 30 000 are already wired, and 
over 5 000 more are being wired each year. 

I should like to refer to the importance of small 
consumers in rural areas. The Mid-Lincolnshire scheme, 
which I inaugurated, covers an area of 1 636 square 
miles in which no towns are supplied with the exception 
of the summer resort of Skegness. There are now over 
20 000 consumers, with a consumption of 32 million 
units per annum, although the population density is 
only 108 per square mile. Nearly 2 000 cookers have 
been installed. This scheme was started to demonstrate 
the profitableness of a supply to a rural area unsubsi¬ 
dized by nearby large towns. Good dividends are being 
obtained, while the cost of energy to the consumer is 
less than that prevailing in many towns. 

The tests described on page 299, in which 50 000 
people chose how much electric light they would like to 
have for reading, give an exaggerated result owing to 
the period of the test being so short that the eye had 
insufficient time in which to adjust itself, I myself 
tried the test several times, and found that what was a 
satisfactory result with the short test was far too trying 
for comfort over a longer period. Nevertheless, there 
is no doubt that the carrying-out of these tests has 
made a large number of people realize that their lighting 
could be considerably improved to advantage, and has 
consequently increased lamp sales. 

The introduction of the LE.C. 100-watt study table- 
lamp has done a great deal to improve home lighting 
standards, both in this country and America. In the 
U.S.A. nearly 4 million of these lamps have been sold, 
and in consequence floor and wall lamps are being 
designed along similar lines. 

Reference is made in the paper to home-lighting 
advisers, and in this connection it may be mentioned 
that the Brooklyn Edison Co. have staged a short play 
illustrating the work of one of these advisers. This is 
a very effective means of reaching an even larger number 
of people than is possible by actual visits to their homes, 

EAST MIDLAND SUB-CENTRE, 

Mr. J. P. Tucker: Now that two-part tariffs are so 
popular one misses the multiplicity of metering which, 
with all its faults, did at least provide definite and useful 
information relative to the divergent uses of electricity. 

Two-part tariffs are not confined to domestic use: they 
are now being applied to retail shops and also to industrial 
lighting. In spite of the decrease of accurate statistics 
due to these tariffs, there is much evidence to show that 
the lighting load accounts for a substantial percentage 
of the electricity consumed, and that lighting, both as 
regards size and number of lamps and also as regards 
hours of use, is still on the up grade. The author claims 
that in many areas the present lighting development is 
due more to national propaganda than to local develop¬ 
ment. I suggest that the most potent factor in the 
increased use of electricity for lighting is the reduced 
rate at which energy for lighting is now available. 
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and also provides the names and addresses of those 
persons who become interested. 

Mr, T. Stevens (communicated)’. On page 290 the 
author refutes the statement, made by some engineers, 
that the energy consumption of those not supplied with 
electricity would not justify the capital expenditure 
necessary to connect them to the mains; and I want to 
stress the fact that many supply authorities fail to give 
reasonable service. 

On page 297 the author suggests that the adoption 
of the two-part tariff must show an advantage to 
existing lighting consumers. In this connection I would 
draw his attention to my contribution a short time ago 
to the Swansea discussion on Prof. Miles Walker's paper 
(see pages 685 and 686 of Vol. 80 of the Journal), where 
I showed that no benefit could accrue to many small 
lighting consumers unless they materially increased their 
use of electricity. 

On page 295 the author refers to 70 000 licensed 
premises in this country, whilst in Table 2 the figure is 
55 000 public houses. Do these figures refer to the 
same or to different premises ? 

On the same page he says: By all means have a 
simple uniform tariff for domestic consumers.'" Many 
supply undertakings in Canada have only one domestic 
tariff, but in my opinion the author’s suggestion of a 
uniform tariff is not practicable in Great Britain at the 
present time. It would, however, be practicable to 
have, say, three alternative tariffs, as follows: (a) A flat 
rate, which should be made uniform; (h) a two-part 
tariff, which needs reduction and standardization; 
(c) a tariff which the housewife can understand and 
from which she can deduce how much she will have to 
pay for any definite consumption. Such tariffs as are 
suggested under (c) are already in use in many parts 
of Great Britain. 

Finally, on page 291, where the author refers to the 
" average demand per domestic consumer ” he appears 
to mean the ‘'maximum demand per average con¬ 
sumer,” 

[The author's reply to this discussion will be found 
on page 304], 

AT DERBY, 1ST MARCH, 1938 

In regard to the statement (page 290) as to the incor¬ 
rectness of the opinion that small lighting consumers 
would not justify the capital expenditure necessary to 
get them, I would point out that so far as the supply 
engineer of to-day is concerned there is no such thing as 
a ” small lighting ” consumer. All property is regarded 
as a potential prospect for the various uses of electricity, 
including lighting, and it is this new outlook that justifies 
capital expenditure on mains which was at one time con¬ 
sidered unprofitable. 

Table 3 in the paper seems to me to be open to 
criticism in view of the very arbitrary process whereby 
it has been derived from. Table 23 of the Electricity Com¬ 
missioners' statistics for 1935-36. 

Table 4 is also a surprise to me, and I should like to 
have particulars of the types of houses included in the 
groups. The 1936 lighting consumption for the Hendon 
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houses represents 7 060 lamp-hours (100-watt lamps) per 
house: surely this figure is much too high for the average 
house. 

Again, in Table 6 I note a common factor which one 
must investigate with care; the annual lighting con¬ 
sumption represents in each case exactly 1 000 hours' use 
at the individual-consumer lighting demand. 

Information of the sort given in Table 7 needs much 
amplification: why is there so much difference between 
the drapers' use in Islington (1 550 units) and at 
Gloucester (62 323 units) ? Any phenomenal instance of 
use should be segregated so as not to distort the average 
figures; or, alternatively, a special note should be added. 

I agree with the author that the new high lumens- 
per-watt lamps will not adversely affect the lighting con¬ 
sumption even though the lumen output from the new 
light sources may be 5 times greater than from the 
tungsten lamp. Nevertheless, I suggest that measures 
should be taken to combat the prevalent argument for 
the installation of new" industrial units, namely that the 
higher-priced lamps are justified by the reduction they 
produce in the electricity account. 

I support the author’s advocacy of lighting-develop¬ 
ment officers, but I should like to see some curves giving 
the practical results achieved by such officers. Is the 
standard of lighting in America, where home-lighting 
advisers are employed, better than that prevailing in 
England ? 

Finally, it would appear from Fig. 2 that lighting units 
which cost the consumer less than Ijd, per ,unit are being 
sold too cheaply; for a supply at this price is commercially 
practicable only when the load factor is in excess of 40 %, 
and the plotted points do not show—except in one 
instance—^that an increased load factor wdll result in 
selling at less than lid. per unit. 

Mr. B. C. Bayley; When planning industrial lighting 


THE AUTHOR’S REPLY TO THE DISCUSSIONS AT LONDON AND DERBY 

consumers in certain areas. In Finchley it was possible 
to examine the trend of lighting consumption without the 
complications of wireless, and in this connection Table 4 
in the paper has special significance. I am in complete 
accord with Mr. Townley in his latter remarks regarding 
shop lighting and public lighting. 

I am grateful to both Mr. Cunnington and Mr. Forbes 
Jackson for giving further examples of lighting load 
which either has long-hours use per annum, or, alter¬ 
natively, does not coincide with the peak. They also 
support my contention that supply authorities should 
employ lighting-development officers capable of giving 
sound service to the consumer. 

I find myself generally in agreement with Dr. Paterson, 
and would emphasize the need to distribute light from 
artificial light sources in such a way that it is acceptable 
to the eye, A badly designed installation imposes an 
artificial limit on the amount of light which can be 
employed usefully. 

I agree with Mr. Borlase Matthews that there are large 
potential lighting loads in rural areas, and on the whole 
I accept his criticism of the choice of 50 000 people of the 
amount of electric light they would like to have for 


Mr. W. J. Jones [in reply ): Mr. Townley is especially 
qualified to speak on the value of the small consumer, 
and I agree that every channel should be explored to 
make the minimum bill" consumer more profitable. 
It should nevertheless be borne in mind that while it 
may cost £2 to supply this small lighting consumer with 
his first unit, he does provides this revenue year after 
year, and, furthermore, it is a revenue which can be 
iucreased from greater use of lighting alone. 

Lighting is not alone in requiring a capital expenditure 
of this kind; some supply undertakings will provide an 
electric cooker free of charge. In such cases the supply 
authority expends £10 to supply the first cooking unit 
and, further, does not receive sufficient revenue from the 
cooker to cover this capital expenditure until several 
years have elapsed. In other w"ords, the earned annual 
revenue from this cooker will not meet the capital 
expenditure for several years, whereas in the case of 
lighting, as Mr. Townley shows, the earned annual 
revenue is sufficient to meet the capital expenditure 
during the first year. 

I agree that accessories, and wireless in particular, 
account for the higher consumption of domestic lighting 


systems I have met with considerable difficulty in obtain¬ 
ing even distribution, owing to obstructions such as 
sprinklers and other services; and where air-conditioning 
plant is in use the trunking is a very serious obstruc¬ 
tion. 

The paper mentions that a check on 50 000 people 
revealed that the average intensity desired for reading is 
some 20 times greater than is commonly used; and I 
should be glad to know what this figure is. 

The average domestic consumer pays very little atten¬ 
tion to lighting, especially to the question of diffusion. 
For reading and needlework it is essential to health to 
have an intensity of at least 10 foot-candles, and the 
light should be well diffused. If the public Yvere educated 
on these lines a considerable increase in consumption 
would follow. 

Mr. W. F. Furse: Does the author know of any two- 
part tariff which would enable offices to get a supply for 
lighting during off-peak periods at a reduced price ? Such 
a tariff would encourage offices to use more artificial 
light in the daytime, and to employ higher-intensity or 
indirect lighting methods. It is clear from Table 5 that 
at the present time the cost of lighting commercial 
premises is higher than that of lighting domestic premises. 

Mr. J. Messent: I should like to point out that when 
a room is heated electrically the lighting consumption 
costs nothing, because the power needed for heating is 
reduced by the amount of that used for lighting. 

I support the contention that we could advantageously 
use much more light. I have recently been experiment¬ 
ing with a mercury lamp in a room of about 12 ft. X 12 ft. 
To make the colour satisfactory a large proportion of 
incandescent light must be added, with the result that the 
total power rating is 600 watts. The illumination is not 
excessive, and as the effect is excellent it will become 
permanent. 
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reading. The test reveals a general desire for a much 
higher level of illumination than obtains at present. 

Mr. Stevens draws attention to the fact that many small 
lighting consumers would not benefit by a two-part tariff 
unless they materially increased their use of electricity. 
I agree with this statement, but suggest that a pro¬ 
gressive development policy would show consumers the 
advantages of increased lighting, and in the majority of 
cases the increased consumption would be sufficient to 
justify accepting the alternative tariff. 

The 70 000 licensed premises in this country, mentioned 
in Table 2, embrace the 55 000 public houses. The 
difference in the figure is accounted for by restaurants, 
hotels, etc. 

I agree that it is impracticable to have an identical 
tariff for all domestic consumers, but it should be possible 
to arrive at a tariff with the same secondary charge, even 
though the standing charge varies from district to district. 
In my opinion, even the latter could be standardized to 
a great extent. 

I am grateful to Mr. Tucker for his confirmation, that 
the lighting load accounts for a substantial percentage 
of the electricity consumed, and that hours of use are 
extending. While accepting Mr. Tucker’s contention 
that the lower cost of electricity is a potent factor, I 
would not, however, agree that it is the only one. Any 
product, no matter how cheap, requires selling, and in 


such a service as electricity this can best be done on an 
organized basis by development officers. 

I agree that the lighting consumption for Hendon 
houses is well above the average, since the houses are 
somewhat on the large size, but, even so, the consumption 
is below normal compared with the remarkable con¬ 
sumption obtained in small houses in Sunderland, 
Blackburn, and Croydon. 

I, too, was surprised to find that in a number of tov\ms 
throughout the country the annual lighting consumption 
represents approximately 1 000 hours’ use of the indi¬ 
vidual consumer lighting maximum demand. 

I welcome Mr. Tucker’s remark that the new electric 
discharge lamp should be employed to give a higher level 
of illumination and not as a means to justify reduced 
electricity consumption. 

Mr. Bayley asks as to the prevalent illumination; in 
homes, of&ces, and shops it is seldom more than 5 foot- 
candles. 

I am unable to give Mr. Furse details of a two-part 
tariff to benefit offices during off-peak periods. Office 
lighting usually has such a poor load factor that it does 
not justify special consideration. In blocks of oflices, 
corridors, and basements using light for many hours per 
annum, a straightforward two-part tariff with a reason¬ 
able kVA charge and unit charge would prove equitable 
to undertaking and consumer alike. 


VoL. 83. 
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RADIOLOGICAL AND ELECTRO-MEDICAL APPARATUS* 


By ROBERT S. WHIPPLE, Member. 


INTRODUCTION 

During the period under review it may be stated that, 
whilst no new principles have been discovered, consider¬ 
able progress has been made in the construction of electro¬ 
medical apparatus, particularly in respect of ease of 
control and safety in handling. 

Radiology still represents the most important aspect 
of electro-medicine. It is difficult for a layman to appre¬ 
ciate how large a part radiology plays in the ordinary 
routine work of a hospital. Its magnitude may be judged 
from the knowledge that it has recently been estimated 
that about 42 million X-ray pictures are taken annually, 
and that 1 million of these are produced in ten of the large 
London hospitals. 

The most important advance in diagnostic radiology is 
probably the cineradiograph. The idea of the projection 
in rapid succession of a series of X-ray photographs 
taken of a moving body is not novel, but the development 
of a practical apparatus is due to the recent work of 
Dr. Russell J, Reynolds. Such equipment may now be 
obtained commercially and there is every probability 
that in the near future cineradiology will play a large 

part in the diagnostic examination of patients in the larger 
hospitals. 


The shock-proof tube was a great step forward, but this 
has been followed by many ingenious devices, evolved by 
all the well-known manufacturers, to avoid injury to the 
patients or medical staff and to the apparatus itself. 

The idea underlying the majority of the devices has 
been the substitution of oil insulation for that of air, so 
that the rectifying valves ai*e now immersed in oil, not 
infrequently in the same tank as the transformers, thus 
reducing the length of high-voltage connecting leads to a 
minimum. 

The International General Electric Co.f has recently 
introduced a Maximar 400 unit in which the 400-kV 
tube is also contained in the same tank as the complete 
high-voltage circuit. Although the outfit is heavy, the 
controls are simple and readily operated. The exterior 
of the complete outfit is at earth potential. 

Considerable development has also taken place in the 
control panels for operating the tubes. An automatic 
time-switch is universally incorporated in the panel, and 
by means of light signals and interlocking switches the 
likelihood of an operator working an outfit incorrectly is 
reduced to a minimum. In this way the life of a tube in 
general use in a hospital has been greatly extended. 


A further development is the tomographic method of 
taking radiograms and this is dwelt upon in some detail, 
since, although it has only recently been introduced into 
medicine, it appears to have great possibilities in the 
diagnosis of lesions and cavities in the lung and in many 
other regions of the body. 

The development of X-ray tubes working at voltages 
approximating to 1 million volts is calling for the exercise 
of great ingenuity and powers of design. The successful 
installation of a tube working continuously at 750 kV at 
St. Bartholomew’s Hospital for therapy shows that this 
country is not lagging behind in the development of the 
high-power tube. 

It is impossible to say what will be the effects on cura¬ 
tive medicine of the discovery of artificial radio-activity. 
By the invention of the cyclotron, Prof. E. O. Lawrence 
has produced an apparatus by means of which many 
elements may be rendered radio-active by the bombard¬ 
ment of high-speed protons or deutrons. 


PROTECTION OF X-RAY TUBES 
In the review of 1934 it was stated that the mam 
facture of protected tubes, viz. tubes in which X-ray prc 
tection was incorporated in the tube itself and which wer 
enclosed in an earthed metal envelope, ^bad been take: 
up by most tube manufacturers.” It is now true to stat 
that this is universal practice. The only exceptions ar 
gas tubes made for demonstration and laboratory work. 

progress during the last 4 years. Por a review of the 
vS. 75, Journal iIeI leS 


DEVELOPMENT IN TUBE DESIGN 

Perhaps the most important development in tube 
design has been the perfecting of the high-current tube 
with the rotating anode. 

In this type of tube the anode is a rotating disc, so that 
the energy of the cathode stream is distributed over a ring 
instead of being concentrated on a small fixed area. A 
very much greater input of power can be used, with 
corresponding increase in X-ray intensity; this can be 
done, moreover, without increasing the size of the focus, 
which remains fixed relatively to the fixed parts of the 
tube, so that the time of exposure can be reduced while 
the good definition due to a sharp focus is maintained. 

Tubes of this type may be divided into two groups. In 
the first the anode consists of a disc mounted on the shaft 
of a small induction motor, the rotor of which revolves 
inside the evacuated tube, the field coils or stator being 
mounted externally to it. In the second the anode disc 
is rotated by a motor completely external to the tube. 

Three tubes of the first group are commercially avail¬ 
able. In the ” Rotalix,” made by Messrs. Philips, the 
anode consists of a heavy copper disc in which is mounted 
a tungsten ring on which the stream of electrons falls. 
The heat generated is dispersed by radiation from heavy 
fins which run between stationary cylindrical flanges fixed 
to the glass tube and protruding beyond it. These in turn 
are connected to a large cooling sphere of relatively large 
heat-dissipating capacity. In the ” Pantix,” made by 
Messrs. Siemens, and the ” Coolidge rotating-anode tube, 
t Represented in Great Britain by the Victor X-ray Corporation. 
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dual focus/’ made by the International General Electric 
Co., the anode consists of a solid tungsten disc which 
is run at a much higher temperature, approximately 
3 000° C., when high output exposures are obtained. The 
amount of heat radiated at this temperature is very great 
and is transferred to the glass envelope almost instantane¬ 
ously. The ‘‘ Pantix ” is cooled by a current of air 
passed over the outside of the glass envelope by means of 
a small ventilating fan which forms an integral part of the 
mounting. The same result is obtained in a simpler 
manner in the American tube by immersing it in oil in a 
completely sealed casing. Thus the high-voltage clear¬ 
ances can be diminished and the size of the unit corre¬ 
spondingly reduced. The Rotalix ” and Pantix 
tubes are made in two sizes, for which the effective area 
of the beam is 1 • 2 mm? and 2 mm? respectively. The 
Coolidge tube referred to above has the great advantage 
that it consists of practically two tubes in one. ^ This 
result is obtained by means of two filaments of difierent 
areas either of which can be used as desired. With the 
smaller focus (1 mm?, 150 mA) extremely fine definition is 
obtained, whilst with the larger focus (2 mm?) excellent 
definition is given, but with the increase in power, 
500 mA, reduced exposure is available. Mention should 
be made of the small form of rotating-anode tube the 
Ray-proof Rotalix,” which, although not shock-proof, 
is capable of work that could not possibly be done with 
a fixed-anode tube. 

Owing to carefully designed interlocking devices used 
in controlling the electrical circuits operating the rotating- 
anode tubes, they can be used as freely as the normal 
shock-proof tubes.* Mention was made in the 1934 re¬ 
view of the tube developed by A. Muller and R. Clay in the 
laboratories of the Royal Institution.t This tube falls 
in the second group, in that the anode disc is rotated 
by means of an external motor actuating a shaft passing 
through a stuffing box; this necessitates continuous 
exhaustion. The heat is removed by a water stream 
circulating in the anode disc. This tube, which is in¬ 
tended for crystal analysis, has gradually been perfected, 
■so that it will now run continuously at 50 kW. Currents 
up to 2 amperes can be passed through it, its normal 
working current being 1 500 mA at 27 kV. Tests show 
that the X-ray output is linear to the input power up to 
35 kV at constant current, and up to 2 000 mA at constant 
voltage. It is hoped that a full description of this tube 
will be published in the near future. 

An important development, from the point of view of 
the general utility of X-rays to medicine and to industr^^, 
is the production of smaller units which are shock-proof 
and portable, and yet are capable of giving^ excellent 
photographs. In the “ Centralix,” the '' Heliosphere,” 
and the “ Victor Model F,” models have been constructed 
to meet these special requirements. In all of them the 
high-tension transformer surrounds the X-ray tube, the 
high-tension leads being only a few inches in length. 
The units are protected by metal cases which are con¬ 
nected to earth through the supporting stands, while the 
transformers and tubes are hermetically sealed in oil. 


^ That over 27 000 photographs of the chest have been taken with a rotating- 
anode tube at one of the London hospitals, at the rate of about 30 cases per hoi^, 
and with a current of approximately 450 mA, shows that this lorm oi tube, in tne 
hands of a good operator, is capable of. sustained hard sendee. , 

t The first and smaller model of this tube was described by R. Clay m 1934 (see 
Proceedings of the Physical Society, 1934, vol. 46, p. 703). 


This method of construction produces weather-proof and 
robust units which are remarkably small for the work 
obtained from them. 

From the point of view of deep therapy, the progress 
made in the manufacture of continuously evacuated tubes 
is of the greatest importance. 

Messrs. Metropolitan-Vickers have made several such 
tubes,* the largest being the one installed in the Moselle 
Sassoon High-Voltage X-ray Therapy Department of St. 
Bartholomew’s Hospital.t, This tube, which is the most 
powerful one in the British Empire, was presented, with 
the building to contain it, to the hospital by Mrs. Sassoon. 
The installation was designed to give a beam of X-rays 
of higher intensity, and of shorter mean wavelength, than 
any so far employed in Great Britain for the treatment 
of cancer. The unit consists of a continuously-evacuated 
steel tube 30 ft. long containing the filament and target. 
This is supported at each end by porcelain insulators and 
extends horizontally across the treatment room, from one 
generator room to the other. The portion within the 
treatment room, that is the central 12 ft., is surrounded 
by a protective sheath, consisting of a 6-in. layer of 
“ close-packed ” lead shot between two co-axial steel 
cylinders. The protection sheath, in its turn, is sur¬ 
rounded by a steel cylinder, which carries the filters, 
diaphragms, and applicators, for defining the X-ray 
beam. The portion of the X-ray tube within the treat¬ 
ment room is shock-proof and ray-proof. The generating 
equipment comprises two generators, one designed to give 
a positive potential of 600 kV and the other a negative 
potential, in respect to earth, of the same value. The 
supply for each generator is from the 400-volt a.c. mains 
and is stepped up by transformers to 150 kV. By means 
of a modified Greinacher circuit, embodying columns of 
continuously evacuated thermionic valves and oil- 
immersed condensers, a rectified current at a constant 
potential of 600 kV may be obtained. Thus by using 
both generators a constant potential difference of over 
1 million volts may be applied to the terminals of the 
X-ray tube. Experience has shown that the tube will run 
almost indefinitely at a voltage of 750 kV, and it is at this 
voltage that it is now being operated for deep-therapy 
work, the current given being about 5 mA. This must be 
regarded as a preliminary to treatment at higher voltages. 
All the operations necessary for the treatment of the 
patient are carried out from a central control room. 
The tube itself weighs 10 tons, but by means of auxiliary 
motor gear it can be handled without difficulty. 

In the 1934 review mention was made of the cascade 
Coolidge type of tube in operation at the Memorial 
Hospital in New York. Several of these tubes are now in 
use in the United States and have been giving satisfactory 
service. 

The distinctive feature of the tubes is the acceleration 
of the electrons in four stages, each, one quarter of the 
total voltage. Four glass cylinders are connected together 
by metal plates, which in turn are connected to internal 
metal cylinders. The metal plates are maintained at 
their individual potentials by connection to suitable 
points on a cascade type of high-voltage generator. In 
this way it is possible to distribute more uniformly the 

* T, E. Allibone: Proceedings of the Royal Society of Medicine, 1936, vol. 29 , 

t T. E. Allibone; Engineer, 1937, vol, 163, p, 452. 
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potential gradient between the cathode and anode, and 
the maximum voltage between any pair of electrodes can 
be kept safely below values at which field currents might 
lead to puncture. 

In a tube built for operation in air at 800 kV the four 
sections had voltages increasing by steps of 200 kV 
applied to them: a current of 30 mA can be maintained 
continuously through the tube. 

The tube, which is hermetically sealed and therefore 
does not need continuous exhaustion, is 14 ft. long, but 
as several transformers, condensers, etc., are required, 
a large and expensive building has to be provided. 

Dr. Coolidge and his collaborators have therefore 
concentrated on the development of a high-voltage unit 
operated in oil. The result has been remarkably success¬ 
ful. The X-ray tube is a permanently exhausted unit, and 
is built in five glass sections (see Fig. 1) in which there is 



Fig. 1 



When the tube is taking a normal load of 10 mA at 
525 kV, the power in the primary circuit is 56 amperes at 
185 volts; thus the power factor is approximately 0-7. 
It must be remarked that, from nearly every point of 
view, this unit shows a great advance. The authors state 
that our experience with this equipment indicates that 
we can build other oil-immersed units for much higher 
voltages with this same general design, without increasing 
their volume and weight to excessive proportions or re¬ 
quiring the construction of special buildings in which to 
install them.’’* 

Reference must be made to a new 1-million volt metalix 
X-ray tube recently introduced by Messrs. Philips. The 
tube, which is hermetically sealed and exhausted, is in 
three sections joined in cascade, each section being 
capable of .withstanding a potential-drop of 400 kV; the 
total drop of over 1 million volts across the complete 
tube is divided up by connections to the junctions. The 
tube runs continuously with a current of 1 mA. The 
small length (6 ft.) is obtained by increasing the surface 
leakage path by double re-entrant glasswork. The elec¬ 
tron emission is produced by a filament at one end of the 



a cathode, an anode, and four intermediate electrodes con¬ 
nected to the glass with Femico* metal seals. The tube is 
constructed for use at 500 kV with the X-ray target, or 
anode, at earth potential. The intermediate electrodes in 
the form of hollow cylinders 2 in. diameter and 4 in. long, 
are spaced 1 in. apart and have a difference in potential 
between them of 100 kV. The tube has a total length of 
50i in, and projects 22 in. beyond the transformer casing 
into which it is built. The projecting part is of nickel, 
2 in. diameter; a water jacket, which is demountable, is 
fitted round it and a lead jacket also surrounds it. 

The overall dimensions of the tank are: width 4 ft., 
height 4 ft., length 6 ft., which includes the projecting 
housing and the insulated part of the X-ray tube. A 
magnetic focusing coil is placed inside the lead sheath for 
adjusting the position and size of the focal spot. 

The X-ray tube is connected direct to the transformer 
and rectifies its own current, the unwanted half-wave 
being suppressed. The large out-of-phase current taken 
by a transformer working under these conditions is 
minimized by providing the iron circuit with four gaps 
of predetermined width. 

. ^ i^aetallic alloy having a temperature coefficient of expansion exactly 

to glass yid thus allows the metal to be of practically any desired thickness 
at the point of fusion to the glass. 


tube, and the cathode stream is focused at the first of the 
two joints by a permanent-magnet device surrounding 
the discharge chamber. A deep-therapy X-ray depart¬ 
ment in which one of these tubes will be used is now being 
constructed in Amsterdam, but no details have been 
published of the electrical accessories, etc. 

A novel high-tension generator and X-ray tube has 
been constructed by D. H. Sloanf at the University of 
California. Although originally designed as a positive ion 
accelerator it is now also being used for therapeutic work. 

Such a tube and generator is installed at the Presby¬ 
terian Hospital, New York. Five patients can be treated 
simultaneously with it, although the number is usually 
limited to two or three. It is a development of the Tesla 
transformer (see Fig. 2), the high-tension generator con¬ 
sisting of a valve oscillator working at a frequency of 
about 5 Mc./sec., being coupled to a secondary winding 
made of concentric copper tubes and tuned to synchro¬ 
nism. The secondary winding carries at its high-tension 
end a tungsten disc which acts as the target, or anode, 
of the X-ray tube and is cooled by water flowing through 
the tubing. Both the primary and secondary windings of 

„ * Charlton, G. Hotaling, W. F. Westendorp, and L. E. Dempster • 
Radiology, 1937, vol. 29, p. 329. 

t Physical Review, 1935, vol. 47, p. 62. 
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the transformer are enclosed in a lead-shielded metal 
tank, about 4 ft. diameter, which is evacuated by means 
of oil-diffusion pumps. The anode voltage supply is un¬ 
rectified 15 kV (r.m.s.), 60 cycles per sec. This greatly 
reduces the heat associated with a given maximum of 
generated voltage, and increases the maximum to which 
the output power can be modulated. 

A hot filament contained in a tubular holder in the side 
of the tank acts as the cathode. A biasing voltage of 
10 kV is applied to the filament to ensure that current 
only passes in one direction at, or near, the peak voltage 
of the supply. By running the filaments very hot, a 
push-pull pair of 300-kW valves can deliver about 
1 000 kW at 6 Mc./sec. The X-rays are brought out 
through a window in the side of the tank containing the 
Tesla coil. 

X-RAYS IN INDUSTRY 

Tn industry the most important application of X-rays is 
still the examination of welds, joints, and castings. In 
America and on the Continent great progress has been, 
made in the examination of the welds in boilers and high- 
pressure vessels. It has been stated that 75 miles of steel 
welds, running up to 3 in. thickness, have been X-rayed in 
the construction of the Boulder Dam in America. This 
immense piece of inspection involved the making of 
159 000 separate X-ray exposures.* 

Experiments on the examination of deep-seated cracks, 
or flaws, in metal castings by the tomographic method 
(see page 311) are being made at the Research Depart¬ 
ment, Woolwich. Not improbably, this method of exami¬ 
nation may prove useful in the testing of many materials 
used in industry. 

In Britain the Air Ministry has made compulsory the 
X-ray examination of many parts used in the construc¬ 
tion of aircraft. As other examples, amongst many, it 
may be mentioned that one large rubber manufacturer 
insists on the examination of the rubber soles made by 
his plant, the soles travelling on a conveyor belt between 
the X-ray tube and the fluorescent screen. For the sake 
of safety the observer looks at the image on the fluorescent 
screen in a mirror inclined at an angle of 45°. In some 
cases packed boxes of chocolates are examined by X-rays 
to see whether, by some mischance, a foreign body has 
been included in the sweets. 

The value of X-ray crystal analysis in manufacturing 
processes has been mgre fully appreciated; in investiga¬ 
tions, for example, on {a) strain release resulting from heat 
treatment, (6) the effect of rolling on crystal structure, 
(t) the effect on grain size caused by heat and mechanical 
treatment, etc., (d) the examination of plated surfaces, 
and in many other directions. 

Thus the construction of portable, and transportable. 
X-ray plants for use in the works has become of much 
wider importance than that of studying welds, etc. In 
the 1934 review mention was made of a portable plant 
designed for use in the Research Department, Woolwich. 
Since then several firms have developed robust and 
portable outfits which are in daily use. An outfit, 
capable of both purely industrial and of scientific work 
in a factory, or research laboratory, has been placed upon 
the market by Adam Hilger, Ltd,, under the name of 
** The Dexrae Industrial Unit.'’ The whole outfit is made 

* V. E. Pullin: Engineer, 1935, vol. 159, p. 402. 
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of metal (with the exception of one or two small parts), 
and robustness has been studied in every direction. The 
X-ray tube, which is of metal, is demountable, and has 
four anodes, or targets, made of different metals, so that 
different radiations can be employed. Thus an examina¬ 
tion of a very wide range of metals and alloys can be made 
with the one tube. A Debye-Scherrer camera forms part 
of the outfit. The unit is mounted on rubber-tyred 
wheels and is completely self-contained, with the excep¬ 
tion that it requires to be connected to an external a.c. 
supply. 

Mention should be made of a mobile unit which, 
although made for the St. John and British Red Cross 
Society, could well be used for industrial purposes. With 
this apparatus, photographs can be taken with high- 
power X-ray tubes in the patient's home, or at the small 
hospital which is not equipped with an X-ray installa-, 
tion.* The apparatus is transported in a motor-car 
which is specially sprung for the purpose, and the power 
required to excite the tube is obtained from a generator 
driven by the car engine. The full output is 100 mA at 
90 kV. The interior of the car is used as the dark room. 

That radium is becoming a useful adjunct to the X-ray 
laboratory has been clearly shown from some experi¬ 
mental work carried out at the Research Department, 
Woolwich.t In a large casting, such as part of a gun 
mounting, it may be impossible to place an X-ray tube in 
the position necessary to examine a particular area in the 
casting. In such cases examination by radium, even for 
castings up to 10 in. thick, is most useful. Pullin points 
out that, in general, X-ray examination is preferable to 
radium, because of the better detail obtained with the 
X-rays. In cases where a structure varies considerably 
in thickness, and it is desired to show the variations in one 
picture, radium may well be employed. As a rule radium 
exposures are much longer than those required with 
X-rays, but radium has the advantage that it can be 
placed in position and left for many hours without 
attention. 

A striking application of the usefulness of radium was 
shown when the radium was placed in the centre of a 
railway tyre, a photographic film being wrapped round 
the periphery of the wheel. Thus the whole circumference 
of the’tyre was photographed in one exposure and a flaw 
in one place was clearly shown in the film. It may be 
stated that it is possible to use radium with almost the 
same precision as X-rays, and that in skilled hands it is 
proving a valuable adjunct to the radiographic laboratory. 

It is only from a reference to the bibliography of the 
subject that the number of individuals working on radio¬ 
logical problems, and the great variety of those problems, 
can be realized. During the past four years the Physical 
Society has published “ Reports on the Progress in 
Physics, and in these has been collected and sum¬ 
marized, with full bibliographies, the X-ray work, as 
distinct from the medical, of the past few years. 

ARTIFICIAL RADIO-ACTIVITY 

Development in the application of neutrons to biolo¬ 
gical problems is proceeding rapidly; in particular, their 

H. T. Ferrier: British Journal of Radiology, 1034, vol. 7, p. 426. 

t V. E. Pullin: Second Report of the Steel Castings Research Committee, 
Section 6, p. 101 (published by the Iron and Steel Institute, 193(5). 

X “ Reports on Progress in Physics,” 1934, vol. 1, p. 228; 1935, vol. 2, p. 301; 
1936, vol, 3, p. 338; 1937, vol. 4, p. 332. 
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use in the production of radioactive isotopes of many of 
the elements by transmutation. Neutrons are produced 
when fast deutrons bombard the lighter elements, and can 
also be produced by allowing X-rays at over 1 • 8 million 
volts to fall on beryllium, so that for this work a source of 
very high voltage is a necessity. 

The cyclotron of E. O. Lawrence and M. S. Living¬ 
stone’’' provides a stream of deutrons having an intensity 
of up to 100 juA and an energy of over 6 million electron 
volts. Electrostatic machines with moving belts are 
being built in America and in France, giving up to 
2 • 5 million volts to earth, or, if two of opposite polarity 
are used, an overall voltage of 5 million volts. 

A high-voltage generator due to R. G. Herb, D. B. 
Parldnson, and D. W. Kerstf merits description. It is of 
the belt type (due to Prof. Van de Graaf) and operates in a 
steel tank 5-| ft. diameter and 20 ft. long under a pressure 
of 100 lb. per sq. in. J The generator is provided with a 
high-potential electrode of new design which serves both 
to give a high breakdown potential and to furnish a 
satisfactory potential distribution along the accelerating 
tube. The maximum potential of the generator is about 
2 600 kV, and the highest steady potential at which 
reliable data have been obtained is 2 160 kV. An evacu¬ 
ated tube for the acceleration of ions has been developed 
•which withstands the highest generator potential. The 
apparatus has been successfully used in experiments on 
atomic disintegration. 

A somewhat similar machine has been installed at the 
Huntingdon Memorial Hospital, Boston, for working an 
X-ray tube at 1 *2 million volts, 3 mA. 

The cascade rectifier circuit has been developed in 
Eindhoven to give steady d.c. voltages up to 1-5 million 
to earth; while impulse generators working up to 3 million 
volts are in use, notably in Prof. F. JolioFs laboratory in 
Paris for the production of X-rays which are used to 
liberate neutrons from beryllium. 

The possibilities of artificial radioactivity are far- 
reaching. As an example it may be mentioned that when 
common salt is bombarded it becomes radioactive, and it 
is most probable that radio-sodium when injected into 
the blood stream of a patient may have valuable thera¬ 
peutic effects. 

The comparatively few experiments that hav# been 
made on the biological action of neutrons show that, not 
improbably, they ma^;^ play a large part in medicine in 
the near future. Dr. John Lawrence of the Yale Medical 
School, using the blood picture of a rat as an indicator, 
showed§ that the neutrons were about five times as 
biologically effective as X-rays per unit ionization in a 
sentinel ionization chamber; in some cases the relative 
biological activity is even greater. 

CINERADIOLOGY i 

Almost immediately after the discovery of X-rays (in 
1896) endeavours were made to obtain cinematograph 

* Physical Review, 19E2, voL 40, p. 19, and 1934, vol. 45, p. 60S. A description 
of the cyclotron was given by J. D. Cockcroft in the Kelvin Lecture for 1936 (see 
Journal 1936, vol. 79, p. 537). 

t Physical Review, 1937, vol. 51, p. 684. 

t The design and construction of enclosed high-voltage machines will in the 
future be influenced by the discovery of the insulating properties of GCI 2 F 2 , 
known commercially as “ freon.” The breakdown voltage of this gas is two or 
three times greater than that of air, and by using it under pressure it is possible 
to increase the breakdown voltage by a factor of 10. 

§ Proceedings of the National Academy of Science, 1336, vol. 22, pp. 124 and 543. 


pictures by their means. In 1897 Dr. John Macintyre, of 
Glasgow, showed a film 40 ft. long to illustrate the move¬ 
ments of a frog's hind leg. The film was obtained by 
taking a series of X-ray plate single exposures of the frog's 
leg in different positions, the pictures then being arranged 
in an order which showed the movement, the pictures 
being transferred to a cinematograph film for projection. 

Several experimenters have since worked at the 
problem with many ingenious pieces of apparatus, some 
of them with considerable success. 

Nearly all the pictures were taken by the direct method, 
viz. the one in which the object to be photographed is 
placed between the X-ray tube and the photographic film. 

The indirect method, viz. the one in which a photo¬ 
graph is taken of the picture, or shadow, on a fluorescent 
screen, was adopted by Russell Reynolds in 1921. In 
1925 he succeeded in producing a film showing the move¬ 
ments of the human heart. The important recent advance 
is in devising a method of obtaining a brilliant picture on 
the screen without exposing the patient to harmful doses 
of X-rays. This result has been obtained by means of a 
synchronizing mechanism which allows the rays to pass 
at the exact instant when the camera shutter is open and 
they are needed to produce a picture on the fluorescent 
screen. The details of construction of the apparatus have 
been fully described by Dr. Reynolds.* 

There is no doubt that the diagnostic value of cine¬ 
matographic records of a patient's condition taken at 
intervals during treatment will be of the greatest value. 
The apparatus has been placed as a complete unit on the 
market by Messrs. Watson and Sons (Electro-Medical), 
Ltd. 

TOMOGRAPHY 

Tomography, or planigraphyj as it is sometimes called 
in the United States, is perhaps the most important step 
made in medical radiology during the past four years. 

In a radiograph of any part of the body the part close 
to the photographic film is always more clearly reproduced 
than the parts further away. For this reason one of the 
most difficult parts of the body to photograph is the lung, 
and the technique of a long-focus film distance has 
gradually been developed in order that the contrast 
between the more distant and the nearer parts of the 
lung should be reduced. The difficulties in lung radio¬ 
graphy are largely due to the fact that the lung itself 
is translucent and that a considerable portion of a lung 
photograph is covered by shadows of the ribs. In a lung 
radiograph the shadows of numerous blood vessels, etc., 
are superimposed. Where this occurs contrasts arise, mak¬ 
ing interpretation difficult. Sometimes dense shadows 
of uniformly strewn seats of infection may cover the 
light area caused by a cavity, so that it cannot be 
discovered. 

Bocage in 1922, and later other investigators, notably 
Ziedses des Plantes, evolved methods for the radio- 
graphic projection of plane sections of solid objects, but 
little use was made of the suggestions. 

The first practical apparatus was designed by Dr. G. 
Grossman J (called by him a '' tomograph ") and was 

* Journal I.E.E., 1936, vol. 79, p. 389. A full bibliography dealing with the 
development of cineradioiogy is included in this paper. 

t A useful summary of. the subject is given by J. R. Andrews: American- 
Journal of Rontgenology and Radium Therapy, 1936, vol. 36, p. 575, 

X British Journal of Radiology, 1935, vol. 8, p. 733. 
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placed on the market by a German manufacturer. An 
English doctor, Dr. E. W. Twining,* has shown that the 
modern Potter-Bucky couch can easily be modified, by 
the addition of some comparatively simple mechanism, 
so that excellent tomographic pictures may be taken by 
means of apparatus fitted without difficulty to standard 
hospital couches. 

The principle underlying the tomograph is simple and 
will be readily understood from the illustration (Fig. 3) 
provided by Messrs. Newton and Wright. 

In the figure, 2 represents the approximate centre of 
the section of the body of the patient and is on the plane 



of which it is desired to take a photograph. The focus of 
the X-ray tube is represented at F, and the film, shown 
by the dark line, is under the table on which the patient 
is resting. The method of taking the photograph is to 
move the tube by means of a rigid pendulum of linkage 
in the direction shown by the arrow, the photographic 
film being moved by the same mechanism at a determined 
proportional rate to that of the X-ray tube, but in the 
opposite direction. It will be seen, by the geometry of 
the arrangement, that the shadows of the parts on the 
plane 2 remain in focus during the movement of the plate 
from right to left of the figure, but that the shadows of all 
the objects that are not on the desired plane are blurred 
by the movement of the plate. By raising or lowering the 
position of the centre of rotation of the pendulum relative 
to the body of the patient, the plane of clear definition 
can be varied. In practice it is found that two or three 
photographs taken in planes about 1 in. apart will enable 
the position of a cavity to be determined. Pictures may 

*** British Journal of Radiology, 1937, vol. 10, p. 332. 


be obtained with the patient in either a vertical or 
horizontal position, depending on the design of the 
apparatus used. 

In the case of the '‘Sectoscope,” recently introduced by 
the Medical Supply Association, the patient, in a vertical 
position, and the film are rotated on vertical axes. One 
axis passes through the plane of the part of the body to be 
photographed and the other the plane of the film, both 
planes remaining parallel during exposure. This form of 
tomograph has the advantage that the X-ray tube is 
not an integral part of the apparatus and therefore any 
available tube may be used, and also that the tube is 
not moved during exposure. 

The use of the tomograph is in its infancy, but the 
method is one of great diagnostic promise. 

KYMOGRAPHY 

Although the possibilities of cineradiology have hardly 
been explored, there is little doubt that the simple method 
of obtaining a photographic record of the movements of 
an organ by means of the kymograph has a considerable 
field of usefulness. A striking example is the obtaining 
of a record of a complete cardiac cycle in a few seconds. 
The kymographic method is not novel, but the develop¬ 
ments in recent years are primarily due to Dr. Pleikart 
Stumpf of Munich. A full bibliography of the subject 
will be found in his paper dealing with X-ray kymo¬ 
graphy of the heart.* 

The principle of the kymograph is simple. It consists 
of a form of Potter-Bucky screen in which a series of lead 
strips about 10 mm. wide and spaced about 0-4 mm. 
apart are mounted in a frame which is moved vertically 
downwards, by means of a simple mechanism, in front of 
the photographic film. In the case of the apparatus made 
by the Solus Electrical Co. the speed can be adjusted from 
approximately 2 to 6 seconds. An electric contact device 
operates the X-ray set, the mechanism being so designed 
that the grid starts and attains a uniform speed before the 
X-ray exposure is made. Thus a series of photographs are 
taken as the screen falls, parts of the film which have been 
exposed being continuously covered by the lead strips, 
and unexposed surfaces of film being correspondingly 
uncovered and exposed to the X-rays. In this way a 
record* of the var^dng shape of the heart is reproduced 
and a series of changing contours shown on the film. 
Parts that do not move, for example the ribs, are shown 
as straight lines in.the direction of movement of the grid. 

APPLICATION OF X-RAYS IN ART 

A development of X-ray technique which may prove of 
considerable importance in elucidating the methods of 
some of the old masters has recently been further 
advanced by Mr. F. I. G. Rawlins of the National Gallery. 
From historical evidence it had been gathered that some 
of the masters were in the habit of making a cartoon 
drawing of their figures in crayon, afterwards levelling it 
with oil or tempera, to the approximate level of the sur¬ 
rounds, which were painted with a heavy lead pigment. 
The X-ray examination confirms in a striking manner 
that this was the method adopted. 

The examination is simple and instructive. The 

* British Journal of Radiology, 1934, vol. 7, p. 707. Reference should also be 
made to a paper in the same journal by J. S. Hirsch which immediately follows 
that by Dr. Stumpf. 
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selected picture is mounted vertically on a suitably 
designed easel and a beam of soft X-rays (12*5 kV, 
15 mA), working at a distance of 102 cm. from the focal 
point of the tube, is passed through the picture. In 
favourable cases the various layers of pigment are revealed 

and very minute differences in X-ray density are brought 
out. 

Recent technique with the infra-red rays is also helping 
to elucidate problems connected with the deterioration of 

varnishes, etc., and the condition of pictures before clean¬ 
ing is undertaken. 

RADIOLOGICAL UNITS 

At the Fifth International Congress of Radiology held 
at Chicago in September, 1937, the International Com¬ 
mittee submitted revised recommendations with regard 
to X-ray and gamma-ray units. A new and generalized 
definition of the rontgen, which embraces both X-rays 
and gamma rays, was provisionally adopted until the next 
International Congress of Radiology, when it is hoped 
that almost every class of radiation may be included in 
a still more generalized definition. 

It is stated that:— 

(1) The International Unit quantity of dose of X-rays 

or gamma-rays shall be called the rontgen ” 
and shall be designated by the symbol r, 

(2) The rontgen/^ shall be the quantity of X- or 

gamma-radiation such that the associated cor¬ 
puscular emission per 0*001293 gramme of air 
produces, in air, ions carrying one electrostatic 
unit of quantity of electricity of either sign. 
(Note 1 in the Appendix states that 0*001293 
gramme is the mass of 1 cm? of dry atmospheric 
air at 0° C, and 76 cm. of mercury pressure.) 

(3) Measurements of radiation quantity shall be 

expressed in rontgens.'' Measurements of 
dosage rate shall be expressed in '' rontgens " 
per minute. 

Proposals were made as to the technique of measuring 
the radiations and of stating the intensity of the radiation 
received. The recommendations of the British X-ray and 

Radium Units Committee* were adopted almost in their 
entirety. 

X-RAY AND RADIUM PROTECTION 
At the same meeting the International X-ray and 
Radium Protection Commission submitted their recom¬ 
mendations, which were adopted by the Congress. 

^ was impressed with the importance 

of increased and more thorough protection against stray 
radiations due to the increase in the voltages applied to 
X-ray tubes. 

The Commission made a series of recommendations 
governing the protection of all those exposed to radiation, 
whether patients or medical stafi. 

A series of papers from workers from the Mayo Clinic 
have dealt with the dangers to the doctor of the examina¬ 
tion of patients by X-rays, especially in the diagnosis by 
palpation of intestinal complaints. A recent paper by 
Drs. Stevenson and Leddyf emphasizes most strongly the 
care that should be taken by the doctor of his own hands 

* Bvitish Journal of Radiology, 1937, vol. 10, p. 438. 

r American Journal of Rontgenology and Radium Therapy, 1937, vol. 37, p. 70. 
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when reducing fractures whilst at the same time he is 
observing the limb by X-rays. 

^ It is pointed out that in the course of a single reduc¬ 
tion of a fracture a doctor may receive serious injury to 
his fingers. The importance of speed in examination, 
short activation of the tube, and the keeping of the 
fingers outside the central beam of rays, is emphasized. 

PHOTOGRAPHIC MATERIALS 
It is gratifying to be able to report that, simultaneously 
with the development of the electrical side of X-ray 
apparatus, the manufacturers of photographic materials 
have not been idle: indeed, marked progress can be 
reported. The new sensitive films recently introduced bv 
the Ilford and Agfa-Ansco companies under the names of 
“ Ilf ex and Agfa-Ansco'^ are a great advance with 
regard to definition, contrast, and speed. These films 
are used without intensifying screens, and therefore the 
definition obtained is a great advance on that given by 
the normal film with the intensifying screen, the improve¬ 
ment being most marked in the case of bone structure. 

^ The use of more carefully constructed Potter-Bucky 
diaphragms, in which the thickness and spacing of the 
lead strips have been reduced to a minimum, has resulted 
in the more effective suppression of secondary radiation 
and an almost negligible weakening of the primary radia¬ 
tion. It is not improbable that in the near future, by 
employing high-intensity tubes, the modern Potter- 
Bucky diaphragm, and the new films mentioned, the use 
of the intensif 5 nng screen will disappear, even for the 
very short exposures required by modern technique. 

New developers recently introduced by the Ilford and 
Kodak Companies, the Blue Label " and the D.19.b.," 
are improvements deserving of mention. In both cases 
the time of exposure has been reduced by approximately 
40 /q of that required a short time ago. The same two 
companies have also introduced developers by means of 
which films can be developed extremely rapidly. During 
some operations, e.g. the Smith-Petersen operation for 
fractures in the neck of the femur, it may be necessary 
to expose two or three films at short intervals and to 
develop them at once. In the case of these new developers 
the film can be fully developed, rinsed, and fixed, within 
1-3 minutes. 

A NEW PROTECTIVE ALLOY 
J. C. McLennan and C. J. Smithells have described* a 
tungsten-nickel-copper alloy which, owing to its high 
density (16*5), is suitable for X-ray and radium pro¬ 
tective purposes. The alloy, which consists of tungsten 
90%, copper 5%, and nickel 5%, can be readily 
machmed, and is ductile and comparatively cheap. The 
absorption of filtered gamma-rays is approximately 
proportional to the density of the screening metal. The 
ratio of the absorption coefficient of the new alloy to 
that of lead is 1 • 37, which is very close to the ratio of the 
densities 1*32. A bomb for containing radium has been 
made from the material. 

THE ELECTRO-CARDIOGRAPH 

The last three years have seen the development of a 
new electro-cardiograph in which the place of the string 

* Journal of Scientific Instruments, 1935, vol. 12, p. 159 . 
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galvanometer or the loop oscillograph is taken by a 
cathode-ray oscillograph. The beam of the cathode-ray 
oscillograph, having no inertia, follows without difficulty 
the variations in electro-potential of the patient's heart. 
The movements of the cathode-ray beam are projected 
on to a fluorescent screen having a comparatively long 
after-glow, and are there photographed. The electrical 
energy available is small (rising to a maximum of about 
2 mV) and must be amplified by means of valves to give 
measurable deflections on the oscillograph screen. 

Dr. Douglas Robertson, in conjunction with Messrs. 
A. C. Cossor, has developed a portable form of electro¬ 
cardiograph. The instrument mth its various electrical 
circuits has been fully described by Dr. Robertson, and 
reference should be made to his paper for further details.* 
Development work in connection with the portable string- 
galvanometer form of electro-cardiograph has also taken 
place. The three chief improvements may be summarized 
as follows: {a) The carrier holders supporting the quartz 
fibres or strings are interchangeable in the true sense of 
the word, so that a new fibre can be placed in position 
without difficulty, with the certainty that it will be in 
the centre of the optical field of view, (h) The fitting of a 
device to neutralize the patient's skin current. (This 
has greatly simplified the technique and has eliminated 
what was always a troublesome factor when taking an 
electro-cardiograph.) (c) A continuous-paper camera is 
now supplied and is interchangeable with the standard 
film camera. By its means records lasting for a com¬ 
paratively long time can be taken. 

The cathode-ray electro-cardiograph has recently, and 
rather unexpectedly, enabled a more detailed study of 
the currents of the heart to be made. 

As is well known, electro-cardiography consists of the 
measurement of the electromotive forces liberated in the 
tissues surrounding the heart. Einthoven, the pioneer of 
this branch of electromedical technique, laid down the 
principles, which have been universally followed, govern¬ 
ing the measurement of the voltage generated by the 
heart. He fixed three points on the body between which 
the voltages should be measured, viz. the right arm— 
left arm, right arm—left leg, and left arm—left leg. 

Thus the complete human electro-cardiogram consisted 
of three records of the heart's voltage taken across the 
three corners of an equilateral triangle, in •whose centre 
lies the heart. From these records the condition of the 
heart is diagnosed. 

Recent workers have been impressed by this round¬ 
about method of attack and, using the cathode-ray 
oscillograph (as an electro-cardiograph), have endeavoured 
to measure the actual voltage vector of the heart rather 
than its projection on the three sides of a triangle.! 

This work has been illuminating, for not only has it 
shown that the voltage vector of the heart changes its 
magnitude during the beat but rotates, and that the 
direction of rotation depends upon whether the patient 
suflers from right or left hypertrophy. 

To obtain these polar electro-cardiograms the cathode- 
ray oscillograph employed was fitted with three pairs of 

* Journal 1937, vol. 81, p. 497. A full bibliography is given in the 

•paper 

f R. Burger: Zeitschrift filr Klinisch Medecin, 1926, vol. 102, p. 603; F. 
•Schellong: Kongressverhundlung filr inn Med. Munchen (1936), 288; H. E. 
Hollman and W. Hollman: Zeitschrift filr Instrumenienkunde, 1937, vol. 57, 
p. 147. 


magnetic deflector coils set with their axes mutually at 
120° and mounted on the neck of the tube. The amplified 
voltages from the three corners of the “ Einthoven body- 
triangle " were taken to the three deflecting coils. Thus 
the excursion of the spot on the oscillograph screen from 
its zero position is an exact representation of the magni¬ 
tude and direction of the voltage vector of the heart at 
any given instant. 

By extinguishing the light spot periodically (by apply¬ 
ing the voltage from a constant-frequency source to the 
modulator electrode of the oscillograph) the resultant 
picture appears as a curve composed of a series of long 
dots, and a cardiogram, i.e. a representation of the magni¬ 
tude of heart voltage in respect of time, is produced. 

The work has recently been carried further by taking 
simultaneous pictures on two tubes, the third lead of one 
of the tubes being connected to a fourth electrode on 
the right leg of the patient. In this way stereographic 
pictures of the direction and magnitude of the voltage 
vector of the heart have been obtained. These show 
that the vector not only rotates in the plane of the body 
face but moves backwards and forwards. This fact 
explains the difficulty of determining the point of applica¬ 
tion to the body of the fourth lead. 

ULTRA-VIOLET RADIATION 

Great advances have been made in the lamps used for 
producing ultra-violet radiation. The improvement con¬ 
sists primarily in the production of a new form of quartz 
mercury-vapour burner which generates radiation from 
the infra-red region down to the shortest wavelength 
which is transmitted through air, viz. about 1 850 A. 

As the quantity of liquid mercury in the burner is 
extremely minute, and the risk of mercury being spilt over 
the patient, if by some mischance the burner were to 
break, is negligible, the lamp can be placed horizontally 
over the patient. The lamps do not require tilting in 
order to be put into operation, and are thus self-starting. 
The burner is placed in a holder like an incandescent 
lamp, the holder being mounted in a metal reflector the 
back of which is arranged as a series of reflecting facets. 
The result in the case of the “ Biosol" model recently 
introduced by Messrs. Philips* is to give an irradiated 
area of 16 in. by 32 in. at a distance of 20 in. This area 
is sufficient to cover the trunk of the human body, and 
is remarkably uniform in the intensity of the radiation 
received. 

By means of a Uviol glass filter the radiation received 
from the lamp is practically limited to the region which is 
identical with the range of shortest wavelengths of the 
solar spectrum. Thus the filter should be used in the 
treatment of affections for which sunlight is required. 

The Hanovia Co., who make a very similar lamp, have 
in their “ Duo-therapy unit" produced an outfit which 
which will give either ultra,-violet or infra-red radiation 
as required. The electrical circuits for operating these 
lamps are simple and efficient. 

DIATHERMY 

During the past three years a great deal of experience 
has been obtained both by medical men and manu- 

* A. Van Wijk: Philips Technical Review, 1937, vol. 2, p. 18. 
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facturers in the use and development of diathermic 
apparatus. It is, nevertheless, true to say that no striking 
modifications or improvements have been made in the 
apparatus or technique. 

There is still a divergence of medical opinion as to 
whether the ultra-short wavelengths (20 to 40Mc./sec.) 
have any selective biological effects. An exhaustive 
study on the question has been made by Prof. W. E. 
Curtis and his colleagues, who state:* “Whilst the 
possible existence of specific actions of ultra-short waves 

* W. E. Curtis, F. Dickens, and S. F. Evans: Nature, 1 936, vol. 138, p. 63, 


cannot be denied, in our opinion such effects have not 
as yet been adequately demonstrated. We therefore find 
ourselves in agreement with the conclusion of a recent 
report to the Council on Physical Therapy of the Ameri¬ 
can Medical Association, by Mortimer and Osborne: 
' There is no conclusive evidence from the literature, 
nor were we able to substantiate the claim of specific 
biologic action of high-frequency currents (short-wave 
diathermy). In our opinion the burden of proof still 
lies on those who claim any biologic action of these 
currents other than heat.' " 


DISCUSSION ON 

“GRID-CONTROLLED PHASE-ADVANCERS ”* 


Mr. Basil Wood (communicated): Although of con¬ 
siderable theoretical interest it is doubtful whether, 
owing to their apparent high cost, the rectifier phase- 
advancers described will find any commercial application. 
Rectifier phase-advancers would cost probably not less 
than £2 per kVA, excluding the transformer, as against 
£1 for static condensers and about the same for large 
synchronous condensers. The rating per unit would 
hardly exceed about 5 000 kW, which is the present limit 
for ordinary mercury-arc rectifiers. Very much larger 
ratings are required for voltage maintenance in large 
overhead networks, so that synchronous machines would 
still hold that field. The very rapid response which 
might be expected from regulating the kVAR of the 
rectifier condenser by grid control would be attractive, 
but the authors appear to imply in Section (5) that surges 
take place if the angle of lead is other than 90°. If this 
be so, the kVAR must be regarded as virtually fixed, so 
that the scheme has then no advantage over static con¬ 
densers, which suffer from the defect that the kVAR 
delivered decreases as the square of the voltage. Inci¬ 
dentally, from the point, of view of speed of response, 
a more practical application of the rectifier might be 
to the excitation of synchronous condensers, provided 
that the interturn insulation of the field windings could 
be made to stand up to the very high rate of change of 
excitation and excessive ripple which rectifiers would 
produce. 

* Paper by Messrs. G. Babat and G. Babkin (see vol. S2, page 429). 


A partial application of the principle would be to the 
correction of the power factor of rectifiers or invertors. 
As described, the connections do not permit the phase- 
advancer to be employed alternatively or simultaneously 
for supplying a d.c. load. An arrangement described 
elsewhere by one of the authorsf appears to overcome 
this disability, though still presumably subject to the 
surge trouble already referred to. A rectifier or invertor 
set consisting of two units in parallel connected to the 
same transformer, the one with natural retarded com¬ 
mutation and the other with equal artificial advanced 
commutation, would draw (or, in the case of an invertor, 
deliver) unity power factor, irrespective of the grid angle. 
The lagging current of the one would be compensated by 
the leading current of the other. There would be an 
internal circulation of wattless current between the two 
units, increasing with the grid angle. Unless a very con¬ 
siderable range of voltage variation is necessary, or 
inverted operation, it seems that such complication is not 
justified. The usual power factor of a 6-phase rectifier 
without grid control being of the order of 0*94 does not 
normally justify any expenditure on correction. This 
figure represents the product of displacement factor and 
distortion factor, of which only the former is improved 
by power-factor correction. The very considerable in¬ 
crease of harmonics at high grid angles, rather than the 
^ wattless current, may be a serious objection to employing 
grid control for wide voltage variation. 

t Ekktrotechnische Zeitschrift, 1937, vol. 58, p. 1400, 
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SUMMARY 

The possibilities of cellulose acetate as a dielectric have 
received attention recently from several investigators, at home 
and abroad. This material has been under consideration by 
the Electrical Research Association for the past two years, not 
only from the point of view of its industrial applications, but as 
a medium for the investigation of fundamental phenomena. 

The policy of the Electrical Research Association in regard 
to protracted researches of this nature is to release as much 
information as possible in the form of interim reports, rather 
than waiting until the final conclusions are available. 

The report which follows is one of a series on dielectric 
phenomena which, for convenience, are related to materials 
or groups of materials widely used in industry. Other reports 
in this series relate to ebonite, paper, and varnished cloth. 

The dielectric properties of cellulose acetate have been 
studied over the temperature range 25° C. to 90° C., using 
alternating voltages at frequencies covering the rang-e 50 to 
4 000 cycles per second, and also direct voltage. Preliminary 
tests showed that the power factor of commercial cellulose 
acetate may vary from 2 per cent to about 15 per cent. The 
detailed investigation was confined to samples of low power 
factor. 

The material was found to absorb water from the atmo¬ 
sphere, and its power factor was reduced by drying. Samples 
which were dried at a temperature of 90° C. were regarded as 
completely dry, and such samples were used for most of the 
measurements. Other samples dried at 25° C. possessed a 
slightly higher power factor and therefore presumably con¬ 
tained fjraces of water. Measurements were made also on these 
samples in order to find out the effect of the water. 

Measurements of permittivity and power factor were made 
by means of the Schering bridge fitted with a Wagner earth 
connection. Mercury electrodes were used. 

It was found that as long as the voltage gradient does not 
exceed 3 kV/mm. (75 volts per mil), the permittivity and 
power factor are practically independent of the voltage, and 
the power dissipated is therefore proportional to the square of 
the voltage. 

The power loss (TF) was found to increase with increasing 
frequency (/) according to the law 

W ^ + Af^ 

where Gq, A, and a, are constants. The index a was greater 
than unity. This law may be derived from Hopkinson's 
equations for dielectric absorption. 

Within the range of this investigation, the power dissipated 
on the application of a definite alternating voltage diminished 
with rise of temperature up to 90° C. Samples containing 
traces of moisture and tested at the lowest frequency (50 cycles), 
and a sample under very high-voltage gradients (17 kV/mm.), 
formed the only exception to this rule. The true dielectric 
constant of the material increases with rise of temperature, 

* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 


but the component of the permittivity due to absorption, like 
the power loss, diminishes with rise of temperature. 

Measurements were made under direct-current conditions 
of the absorption current flowing on charge and discharge, and 
also of the final leakage current obtained after a very long 
charge. Both the final leakage current and the absorption 
current flowing after times of charge of 10 seconds or greater, 
were increased by a rise of temperature. Such absorption 
currents obeyed Hopkinson's superposition principle approxi¬ 
mately, but they appear to have no very close connection 
with the currents flowing in the a.c. experiments. The alter¬ 
nating currents are probably determined almost entirely by 
the absorption currents flowing during the first thousandth 
of a second of the charge. 

When the voltage gradient in the material is increased 
beyond 3 kV/mm., the power loss increases more rapidly than 
the square of the voltage, i.e. the power factor and the a.c. 
conductance increase. This increase may be very large, the 
normal (low voltage) power factor being trebled in one case at 
17 kV/mm. Several samples of the material broke .down 
under voltage gradients of 15-20 kV/mm., but there was no 
obvious connection between the breakdown and any of the 
measured properties of the samples. The permittivity was 
also increased by the application of high-voltage gradients. 

No general formula has been found to represent the increase 
of a.c. conductance and permittivity with voltage gradient. 
The initial portion of the increase can be represented by the 
equations previously found for varnished cloth, viz. 

Gs = Goil + pxy) 

C7, - eo(l + 

where Gs and 0$ are the values of the a.c. conductance and 
capacitance respectively of a sample in which the voltage 
gradient is X, G^ and Cq are the corresponding low-voltage 
values, and p, q, y, rj are constants. When the voltage 
gradient exceeds 10 kV/mm. the subsequent rate of increase 
of Gs does not follow the same law in all cases. Sometimes 
the above equations hold over the whole fange of voltage 
gradient, but frequently the rate of increase of Gs with voltage 
gradient diminishes. In the latter case over the range 10 to 
18kV/mm. the rate of increase of conductance or power loss 
with voltage gradient is inversely proportional to the value of 
the gradient, which suggests that there is a tendency for the 
conductance to approach a limiting value as the voltage 
gradient is further increased. 

The final d.c. conductivity also increases very considerably 
with voltage gradient. This increase was linear over the whole 
range. 

A general discussion of the whole of the results obtained 
with this material suggests that its dielectric properties are 
determined by the motion of positive and negative ions within 
it. The increase of conductance with voltage gradient is 
probably not due to ionization by collision, but may possibly 
be accounted for by the developments of Debye’s theory of 
inter-ionic attraction. It has been shown that the electro¬ 
static forces between the ions will account also for variations 
of conductance and permittivity with frequency, and the 
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theory may therefore be regarded as a possible explanation 
of our results on the variation of dielectric properties with 
frequency, but the theory of polar molecules and that of 
Murphy and Lowry will explain certain features of the results 
equally well. No simple mechanism will explain all the 
results observed, and it is considered that several processes 
producing effects of the same kind, but on different scales of 
frequency, are operating simultaneously. 

The Director of the E.R.A. will be pleased to receive com¬ 
ments from those who may have occasion to use this report. 
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^ , ( 1 ) INTRODUCTION 

General. 

The dielectric properties of paper have been investi¬ 
gated under a wide variety of conditions (Ref. L/T 47 ).* 
A similar investigation has now been made on cellulose 
acetate, which somewhat resembles paper in its chemical 
composition but is entirely different in its mechanical 
properties, paper being fibrous and cellulose acetate 
homogeneous, or, at least, sufficiently so to be trans¬ 
parent. 

Materials; Variations in Quality. 

Several kinds of material were supplied by the E.R.A. 
The first material, L 617, was found to be so much 
inferior in electrical properties to cellulose acetate pre¬ 
viously met with by the investigators, that it was con¬ 
sidered that comprehensive tests on so unrepresentative 
a material could serve no useful purpose. Table 1 
shows the values of permittiyity and power factor of 

* Journal 1935, vol. 77, p. 723. 


this material and also two other materials (L 618 and 
L 619). Since these latter possessed more normal elec¬ 
trical properties, they were selected for the purposes of 
this investigation. 

It is not possible to define these materials with pre¬ 
cision, but since samples having approximately the same 
electrical properties as these two materials were obtained 
from three different firms they may be taken as being 
fairly representative of ordinary commercial cellulose 
acetate for electrical purposes. It is known that one of 
these materials gave on analysis 2 acetic acid radicles 
per cellulose unit CgH^^QOg, and it is probable that all the 
materials examined were somewhat heterogeneous mix¬ 
tures of about this average composition, and containing 
not less than 10 per cent of plasticizer. Probably 
material L 617 contained a larger proportion of plasticizer 
than the others. 

Table 1 


Cellulose Acetate Materials—Tested Under 
Room Conditions, as Received 


Material 

Frequency, 
cycles per sec. 

Thickness, 

cm. 

Permittivity 

Power 

factor 

L 617 

1 000 

O'OSSg 

7-4 

0-129 

L 617 

1 000 

O-OlSg 

7-0 

0-108 

L 618 

1 000 

0 - 012 g 

5-9 

0-024o 

L619* 

1 000 

0-0183 

4-3 

0-029e 

L 619 

800 

0•004g 

4-8 

0 • OSSg 


* This sample had beea dried over strong sulphuric acid for several days. 


Conditioning of the Samples. 

It was decided that it would be more instructive to 
study the cellulose acetate in as dry a condition as 
possible, and thus to ensure that the results were repre¬ 
sentative of the material alone, and not of the material 
associated with moisture. The method of drying was 
essentially the same as that used for drying paper and 
described in Report Ref. L/T47. The sample was fitted 
into the electrode clamps with a guard ring, and placed 
in a constant-temperature enclosure. The temperature 
at which drying was carried out was usually 90° C. By 
means of the apparatus shown in Fig. 1 of Report 
Ref, L/T47, dry air was passed slowly over the sample 
until all the moisture had been driven off. This was 
indicated by measurements of the permittivity and 
power factor, which decreased steadily for some time 
and then became constant after 4-5 hours' drying. 
Mercury was then immediately applied to the sample by 
means of a two-way stop-cock, so that, during the process 
of drying and testing, the sample was not touched in any 
way. After the drying process had been completed, 
the mercury was always kept in contact with the speci¬ 
men, so that when the temperature was lowered absorp¬ 
tion of moisture was prevented by the presence of the 
mercury. In the case of paper it was found that moi sture 
was absorbed* when the temperature was reduced even 
with mercury in contact with the sample, but this did 

^ * In paper the process is probably one of adsorption rather than absorption, 
i.e. the water molecules are to be regarded as adhering to the surfaces of the 
fibres and not as permeating the material composing them. In cellulose acetate 
ordinary absorption is the more probable process. 
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not occur with cellulose acetate, as was evident from the From Fig. 2 it will be seen that drying at 90° C. 
reproducibility of the results obtained during successive reduces the permittivity values of the sample hy about 
heating and cooling of the material. 8 per cent or 10 per cent at all temperatures. The power 



0 1000 2 000 3 000 4 000 


Frequency, cycles/sec. 

Fig. 1 .—^Variation of permittivity and power factor of cellulose acetate with 

frequency and temperature. 

In one case the effects of drying at low and high tern- factor is reduced by about 8 per cent at 25° C. and 

peratures were compared. The sample was first dried by by about 4 per cent at 60° C. At 90° C. the effect of 

passing over it air from drying bottles at 25° C. Then drying at the high temperature is more striking: the 

with the mercury always in contact with the specimen power factor is reduced from 0*06‘37 to 0-0096 at 



Fig. 2.—Effect of drying on the permittivity and power factor of cellulose acetate 

(Sample L 619/1, thickness 0-0183 cm.), 

the permittivity and power factor were measured at 60 cycles per sec., from 0*0439 to 0-0091 at 90 cycles 

temperatures up to 90° C. The mercury was then with- per sec., from 0*0207 to 0- 0095 at 300 cycles per sec., and 

drawn, the sample dried at 90° C., the mercury replaced, so on until the values are nearly the same at frequencies 

and measurements again made at temperatures from of 3 000 and 4 000 cycles per sec. 

90° C. to 25° C. It is important therefore when testing this materia) 
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in a '' dry ” condition that the drying process should be 
carried out at high temperatures and not at low 
temperatures. 

(2) LOW-VOLTAGE A.C. MEASUREMENTS 
Method of Measurement. 

The variation of permittivity and power factor of the 
samples at frequencies ranging from 50 to 4 000 cycles 
per sec. and temperatures from 20° C. to 90° C. was 
investigated. The sample was mounted in electrode 
clamps fitted with a guard ring and placed in a constant- 
temperature enclosure. The method of measurement 
was essentially the same as that used for paper. Mercury 
electrodes were used, and the measurements of capaci¬ 
tance and power factor were made by means of the 
Schering bridge, using a variable air condenser as the 
standard. All the components and leads w^ere shielded, 
a Wagner earth connection was used, and the measure¬ 
ments were made by-the substitution method. 

It was found that at voltage gradients up to about 
3 kV/mm. the permittivity and power factor of cellulose 
acetate were independent of the voltage applied, and 
consequently in this part of the investigation the voltage 
gradients used were kept below this critical value, 
thereby eliminating for the time being this particular 
variable. The voltage gradient actually used was of the 
order 1 kV/mm. 

Permittivity, Power Factor, and Power Loss, as a 
Function of Frequency: Hopkinson’s Equations. 

In the authors^ previous investigations of the dielectric 
properties of varnished cloth and paper, the variation of 
the properties with frequency was found to give important 
information as to the nature of the processes involved. 
In particular the behaviour of varnished cloth was 
found to be represented by Hopkinson’s equations over a 
wide range of conditions. Other observers have found 
these equations to apply to observations on glass, mica, 
etc., whereas the present authors’ own observations on 
paper would only fit them in a very few cases. It was 
therefore a matter of immediate importance to find out 
to what extent the same equations could be applied to 
cellulose acetate. 

Hopkinson'*'' (and later, Schweidler)t gave the following 
equations for dielectric after-effect ” or '' absorption.” 

( 1 ) For the absorption current i produced by a constant 
applied voltage V 

i^VpCQt-^- .. (1) 

where and a are constants of the material, Cq is the 
instantaneous or geometrical capacitance of the sample, 
and t represents time measured from the instant at which 
the voltage is applied. 

( 2 ) For the power loss W due to an applied voltage V 
of sine-wave form and frequency coI{ 27 t) 

W/V^ = . . . ( 2 ) 

(3) For the capacitance of the sample at the frequency 
oj/{27t) 

G ^ Cq + . . . . ( 3 ) 

* “ Original Papers,” vol. 2, 
f AnnalenderPhysik, 1907, vol. 24:, ip. 717. 


Equations ( 2 ) and (3) are obtained from ( 1 ) on the 
assumption that 0 <a< 1 . 

G is, of course, the effective conductance of the sample. 
In equation ( 2 ) it is expressed as the sum of two terms, 
the normal or d.c. conductance Gq, and a term Aoj^' 
representing the part due to dielectric absorption. Values 
of G were calculated from the bridge readings by the 
use of the equation 

Q = Co} tan S .(4) 

where C is the capacitance of the sample, and § the loss 
angle, at the frequency ct)/( 27 T) = /. The effective con¬ 
ductivity a of the material per cm. cube was calculated 
from G and the dimensions of the sample, thus:—■ 


G — oAfcL .(5) 

v/here A is the area of the sample and d is its thickness, 

Kf tan S 

^ J7g . 


where k is the permittivity of the sample. 

Usually the voltage gradient employed was 1 kV/mm. 
or 10 ^ volts/cm., so that the power loss per cm? was 
10 ®(7 watts. The values of this quantity were calculated 
for each case, and the relation between o* X 10® and 
frequency (/) at each temperature was plotted with 
logarithmic scales. The points plotted were found to 
lie on straight lines, from which it was evident that the 
relation may be expressed in the form: 

cr = a7“ .(7) 

which is a form of equation ( 2 ) when the normal con¬ 
ductance is zero. The only case where the points 
plotted do not lib on a straight line is for the material 
L 619 (dried at 25° C.) at a temperature of 90° C. Here 
the curve tends to curl upwards at the lower frequencies, 
due to the fact that the d.c. conductance is no longer 
negligible. The complete equation may be obtained 
from ( 2 ). Thus 

<7 ~ Gq a'/*.(8) 

where Gq = d.c. conductivity. The curve was found to 
fit this equation. 

Table 2 gives the values of a obtained. It will be 
seen that a is greater than unity, and that it is almost 
constant at all temperatures. 

It has been mentioned that Hopkinson and Schweidler 
obtained equations (2) and (3) from ( 1 ) on the assumption 
that a was positive and less than unity. The authors 
have now shown that their results for the power loss obey 
an equation of the form of ( 2 ) but having an index a 
greater than unity. Further, when attempts were made 
to fit the' capacitance results to an equation of the form 
of (3), this also was found to give a value for oc greater 
than unity, and a value for Oq, the instantaneous or geo¬ 
metrical capacitance, greater than the observed capaci¬ 
tance values O. This is manifestly absurd, and it can 
only be concluded that equation ( 3 ) does not apply in the 
present case. There does not, however, appear to be any 
objection to equation ( 1 ) or ( 2 ) with an index oc greater 
than unity. Equation ( 1 ) is empirical and is known to 
be an approximation valid only for a certain interval of 
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time. The values observed for a have usually been less 
than 1, but J. B. Whitehead* has recently obtained values 
of 1-11 and 1*06 for impregnated paper by observations 
of the absorption current obtained on charging and 
discharging a condenser. Hopldnson’s equations in their 
most general form are 


TF/F2 


ypojit) 


roo 


f{x) sin ojx dx 


0 


(7 ™ Cq + 


roo 

/(o?) COS cxx dx 
0 


( 9 ) 

( 10 ) 

(11) 


tion current which causes the power loss. Within the 
range of the measurements, the power loss to be ascribed 
to normal conduction is negligibly small for the material 
in a thoroughly dry condition, but the small quantity of 
moisture which is left when the drying operation is 
carried out at room temperature gives rise to appre¬ 
ciable conductance when the material is subsequently 
raised to a high temperature. 

The Variation of Dielectric Properties with Tem¬ 
perature. 

The changes of permittivity, power factor, and power 
loss with rise of temperature over the range 25° to 90° C. 


Table 2 

Values of a in the Equation cr = Oq + ... (8) 

Where o* = Power Loss per Cm? at a Stress of 1 Volt/Cm. 


Sample 

Thickness, 

cm. 

Temperature, 

°C. 

OC 


L 618 

0'0123 

20 

M3 

2-6 X 10-1^ 

Dried at 90° C. 


35 

M5 

1-9 X 10-14 



48 

1-15 

1-6 X 10-14 



60 

1-07 

2-4 X 10-14 



70 

0-97 

4*6 X 10““^^ 



80 

0-94 

5-7 , X 10-14 



90 

0-94 

6-2 X 10-14 

L619 

O'OlSg 

25 

M2 

2-8 X 10-14 

Dried at 25° C. 


40 

M7 

1-7 X 10-14 



60 

M6 

1-4 X 10-14 



90* 

1-01 

2-7 X 10-14 

L619 

O-OlSg 

25 

M3 

2-3 X 10-14 

Dried at 90° C. 


40 

1*16 

1-6 X 10-14 



60 

1*20 

0-9 X 10-14 



75 

M9 

0-8 X 10-14 



90 

M4 

0*9 X 10“"^'* 

L619 

0*0259 

25 

1*09 

2-9 X 10-14 

Dried at 90° C. 


40 

M4 

1-9 X 10-14 



60 

M8 

1-1 X 10-14 



90 

M4 

1-0 X 10-14 


* The law cr — cXq 4- does not hold strictly in this case. 


If now we write = where a> 1, we find that the 
integral in (11) becomes infinite, but the integral in (10) 
remains finite so long as a is less than 2, and for this 
case we obtain equation (2), where 

A = ^C7or(l - OC) cos ~ 

Jj 

We may conclude that the observed results obey Hop- 
kinson's equation so far as these can be expressed in 
finite terms, and that the power losses in dry cellulose 
acetate are of the nature of dielectric absorption. On 
account of the value of oc being greater than unity, the 
capacitance equation cannot be determined, and it is thex*e- 
fore not possible to find the values of and but there 
is no doubt that the observed diminution of capacitance 
with increasing frequency is another eifect of the absorp- 
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are shown in Figs. 1-3 for the various samples investi¬ 
gated. The most remarkable feature is shown clearly 
in Fig. 3: the power loss in general diminishes with rise 
of temperature up to 90° C. The only exceptions to 
this rule are the values for the lowest frequency. At 
50 cycles the material thoroughly dried at 90° C. gave 
a practically constant power loss at all temperatures; 
the sample dried at 25° gave a power loss at 50 cycles 
which increased rapidly with rise of temperature, but 
even for this sample the power loss diminished with 
temperature at the higher frequencies. The conclusions 
to be dx-awn from this are that the dielectric absorption, 
which is responsible for the larger part of the power loss, 
diminishes with rise of temperature, but the normal 
conduction, which is only appreciable in samples con¬ 
taining moisture, increases rapidly with rise of tempera-, 
ture. 
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In the case of dried paper, the power factor and power 
loss were found to be greater at low temperatures than 
at high, but this was found to be largely due to the fact 
that moisture was absorbed at the lower temperatures. 
The possibility that the increase of the power loss with 
diminution of temperature in cellulose acetate is due to 
a similar action was considered, but since the results 
were reproducible on alternately heating and cooling 
the sample, either slowly or rapidly, the effect must be 
regarded as due to temperature alone, apart from any 
question of absorption or adsorption of water. 

The material L 618 was found to soften at temperatures 
greater than 60° C., and this fact must be borne in mind 



when considering the results for this particular material. 
It will be observed that the power-factor results for this 
sample are rather irregular at temperatures of 70°- 
90° C., probably on account of changes occurring during 
softening, but it should be mentioned that measure¬ 
ments made at 20° C. before and after the observations 
at the high temperatures gave almost identical results-, 
so that no permanent change occurs during the heating. 
No softening was observed during the measurements on 
material L 619. 

It is a significant fact that when softening occurs there 
is no very large increase in the power loss due either to 
normal conduction or dielectric absorption. The change 
of slope of the curves for L 618 in Fig. 3 between 70° 
and 90° C. does perhaps represent a small increase of 
power loss due to softening, but the increase of normal 


conduction is certainly less than that due to the presence 
of a slight trace of water (cf. the two curves for L 619/1, 
Fig. 3, particularly at 50 cycles). One is tempted to 
conclude that conduction of an electrolytic character 
does not occur to any marked extent in this material in 
the absence of water. If any considerable number of 
mobile ions were present, their velocities would almost 
certainly be greatly increased by the softening and a 
rapid increase of conductance might be expected. This 
question will be considered in more detail later. 

The changes of permittivity are also of interest. They 
are shown in Figs. 1 and 2, from which it may be seen 
that the permittivity invariably increases with rise of 
temperature. The temperature coefficient is about 
0 • 2 per cent per deg. C. and is in general approximately 
constant over the range 20° to 90° C. 

Now the permittivity may be regarded as consisting 
of two parts, the instantaneous value or true dielectric 
constant, and a term due to dielectric absorption. The 
values of power loss have shown that the absorption 
term diminishes with rise of temperature, and this is 
confirmed by the fact that the change of permittivity 
with frequency also diminishes as the temperature rises, 
as may be seen from Fig. 1. It therefore follows that 
the dielectric constant of this material must increase 
with rise of temperature. In this respect the material 
differs from many other materials such as paper and 
mica. 

Comparison between Cellulose Acetate and Paper. 

One of the objects of this investigation was to compare 
two such chemically similar and mechanically different 
materials as cellulose acetate and paper. The com¬ 
parison is rendered difficult by the fact that the behaviour 
of paper is much less regular than that of cellulose 
acetate. There are considerable differences between 
samples of sulphate, cotton, and condenser tissue paper; 
it is difficult to prevent them from absorbing water at 
the lower temperatures, and some samples are subject 
to deterioration at the higher temperatures. However, 
from the evidence available (Ref. L/T47) the authors 
have concluded that oil-impregnation prevents the 
absorption of moisture, but does not produce any funda¬ 
mental change in the dielectric properties of paper, and 
by comparing results for cellulose acetate and oil-im¬ 
pregnated paper certain general characteristics may be 
noted. 

{a) In both materials the power loss is considered to 
be almost entirely due to dielectric absorption 
(in the absence of water), and this power loss 
diminishes with rise of temperature. In the case 
of paper the power-loss/temperature curve often 
reached a minimum value in the region 60°-90° C. 
This was not noted for cellulose acetate, but of 
course it may exist at a higher temperature. 

(5) The power factor of dry cellulose acetate increased 
with increasing frequency. The curves for 
paper were less regular, but in the cases where 
the irregularities were least the results were 
essentially similar to those for cellulose acetate. 

{c) The dielectric constant of cellulose acetate is of the 
order 4*0, and it has a positive temperature 
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coefficient of the order of 0 • 2 per cent per deg. C. 
The dielectric constant of dry paper varies from 
about 2-0 to 3-0, depending on the kind of 
paper, its density, etc. It is very nearly con¬ 
stant for all temperatures in the range 20° to 
90° C., but there is some evidence for a small 
negative temperature coefficient for cotton paper 
and condenser tissue (not greater than 5 X 10-^ 
per deg. C.), and a positive temperature coeffi¬ 
cient of about 1 X 10-3 per V C. for sulphate 
paper (Fig. 9, Ref. L/T47). 

(d) Cellulose acetate, like paper, takes up a certain 
amount of water from the atmosphere, and in 
order to dry the material thoroughly it is 
necessary to raise its temperature to, say, 90° C. 
This action is, however, very much more marked 
with paper than with cellulose acetate. In both 
cases the absorption of water causes an increase 
in the power loss. In the case of paper the 
water absorption caused the power loss to 
increase with rise of temperature, but for cellu¬ 
lose acetate this only applied to the loss due 
to normal conduction; the loss due to dielectric 
absorption still diminished with rise of tem¬ 
perature. 

Surveying the whole data, we conclude that the funda¬ 
mental dielectric properties of dry paper and dry cellu¬ 
lose acetate are very similar, and that the phenomenon 
of dielectric absorption, which is the main cause of the 
power loss in these materials, probably does not depend 
on the fibrous structure of the paper, i.e. on the network 
of air spaces and fibres, but occurs in the interior of each 
fibre. When, however, the materials are in an atmo¬ 
sphere containing small traces of water vapour, their 
properties are not so similar, and it is probable therefore 
that the phenomena observed with paper in this condition 
are largely due to its fibrous structure, i.e. adsorption of 
water occurs at the surfaces of the fibres, and the 
enormous surface area available is to a large extent 
respopsible for the differences between the properties 
observed in the two cases. 

(3) LOW-VOLTAGE D.C. MEASUREMENTS 

In order to compare the properties of the material 
under d.c. and a.c. conditions, measurements were made 
of the current flowing through a sample on the applica¬ 
tion of a constant voltage of 200 or 400 volts. Sample 
L 619, of thickness 0*0183 cm., was used. The voltage 
was obtained from a battery, and the current measured 
with an ordinary moving-coil galvanometer. The total 
movement of electricity in the sample, due to the appli¬ 
cation of the voltage, may be divided for convenience 
into three parts, the instantaneous or normal charge, 
the absorption charging current which gradually falls to 
zero, and finally a current of constant value, often called 
the normal leakage or conduction current. In order to 
avoid any assumptions as to the nature of the final 
constant current, it will here be called simply the final 
conduction current: the ratio of this current to the 
applied voltage will be called the final conductance. The 
difference between the observed current at any instant 
and the final current will be called the absorption current 

VoL. 83. 


at that instant, and the ratio of this current to the 
applied voltage will be called the absorption conductance. 
The quantities measured were the absorption conduct¬ 
ance as a function of time, beginning 10 seconds after the 
application of the voltage, and the final conductance. 
The discharging current obtained when the voltage was 
reduced to zero after a prolonged charge was also 
observed. The results are shown in Fig. 4 and Table 3. 

Fig. 4 shows the absorption current plotted against 
time with logarithmic scales. It includes both charging 
and discharging currents, but it must be remembered 



that, in order to obtain the values for the charge, the final 
current has been subtracted from the total observed 
current. It is to be noted that the curves for charge 
and discharge are nearly, but not quite, the same, from 
which we may infer that the observed absorption con¬ 
forms approximately to Hopkinson’s superposition 
principle. It is difficult to say whether the discrepancy 
is greater than the experimental error or not. The 
smallest currents could not be measured with very high 
accuracy, and there is always the possibility of a slight 
change in the condition of the sample during the time 
required for a set of observations. However, the discre¬ 
pancies do not appear to be of importance at this stage. 

The next point to be observed is that the lines repre¬ 
senting the results are not straight, so that equation 
(1) cannot be applied to the current flowing after a time 

X 
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of charge of the order 10 to 100 seconds. Further, the 
slope of the curves—the index a of equation (1)—is in 
several cases less than unity. The value of a deduced 
from the a.c. observations is always greater than unity, 
so that the curve of the absorption current must curl 
upwards as t becomes smaller. A similar state of 
affairs was found for varnished cloth (Ref. L/T44). 

When comparing the curves for material dried at 
90° C. and at 25° C., it should be borne in mind that the 
material dried at 25° C. probably only differs from that 
dried at 90° C. in that it contains traces of water. At a 
temperature of 25° C. this water appears to have very 
little effect on the absorption cument; at 90° C. it reduces 
the absorption current to about one-tenth of the value 
for the dry sample, but increases the final con¬ 
ductance to ten times its value for the dry sample 
(Table 3). The a.c. conductance at 50 cycles is always 
large compared with the final d.c. conductance, or the 
absorption conductance after 10 seconds. This absorp¬ 
tion conductance, like the final conductance, is always 


investigation of the properties of cellulose acetate under 
high voltage-gradients has now been made. The pro¬ 
gress of the investigation was impeded to a considerable 
extent by the failure of several samples under voltage 
gradients of the order of 15 kV/mm. Inspection showed 
that the samples had become punctured in one or two 
places, sometimes between the high-tension electrode and 
the guard ring, and sometimes between the central por¬ 
tions of the electrodes. There was no blackening of the 
material at the punctures, which seemed to be simply 
due to local melting of the material. The breakdowns 
occurred without warning, i.e. no rapid increase of power 
factor was observed just before they occurred. 

It is known that, under ordinary test conditions, cellu¬ 
lose acetate which lias not been specially dried breaks 
down under a voltage gradient of the order of 40 kV/mm, 
It is, therefore, at first sight somewhat surprising that 
the samples, which had been carefully dried, should 
break down under a voltage gradient so much smaller. 
The*experimental conditions were, however, considerably 


Table 3 

Values of Absorption, Final, and A.C. Conductivity 


Temperature, 

°C. 

Drj’ing 

temperature, 

°C. 

Time from 

application of 200 volts, 
sec. 

25 

25 

r 10 



1 100 

90 

25 

f 10 



L100 

25 

90 

f 15 



1 100 

90 

90 

r 10 



1 100 


Absorption conductivity,’ ’ 
mho 


1-9 X 10-12 
0-0 X 10-12 
10 X 10-12 
1 X 10-12 


} 

1 


J 


1-9 X 10-12 
0-2 X 10-12 
102 X 10-12 
6 X 10-12 


Final conductivit 5 % 
mho 

A.C. conductivity 
(50 cycles), mho 

1-9 X 10-12 

10 X 10-2 

522 X 10-12 

36 X 10-2 

0-2 X 10-12 

8 X 10-2 

50 X 10-12 

5 X 10-2 


increased by a rise of temperature even when the a.c. 
conductance is diminished. The inference is that the 
absorption current after 10 seconds has little connection 
with the a.c. conductance at frequencies greater than 
50 cycles. The complete absorption curve covering both 
large and small time intervals must change its shape as 
the temperature rises, so that the curves for two difierent 
temperatures must cross one another. In this con¬ 
nection it is interesting to note that the shape of the 
observed portions of the absorption curves (Fig, 4) is 
changed by a rise of temperature, and to a smaller extent 
by the presence of a trace of water. 

An interesting feature of the results for this material 
is the comparatively rapid decay of the absorption 
current. In all cases the current had become sensibly 
zero in less than 200 seconds, whereas the current in 
varnished cloth could be observed for over 10 000 seconds. 

(4) HIGH-VOLTAGE A.C. MEASUREMENTS 

The Occurrence of Breakdown. 

The authors experiments on varnished cloth have 
shown that when the voltage gradient to which this 
material is subjected is increased beyond a certain point, 
the power factor of the material begins to increase, and 
contiaues to do so until breakdown occurs. A similar 


different from those of the ordinary breakdown test. 
The electrodes were larger (170 cm?), they were of 
mercury, and the material had sometimes been under 
stress for some hours, although in the majority of cases 
breakdown occurred while the voltage was being raised 
to its maximum value, as a preliminary to the taking of 
readings. 

The fact that the overall power factor of the sample 
did not increase very rapidly just before the breakdown, 
suggests that the breakdown is a highly localized pheno¬ 
menon and that it occurs in minute portions of the 
material which are of relatively poor quality. The 
chances of the inclusion of such defective s*pots in the 
sample under test would be increased by the use of a 
large electrode, and this may account in part for the low 
breakdown voltage. The risk of failure in this manner 
would be lessened by the use of a sample of two layers. 
Such a sample was used successfully at temperatures of 
25° and 50° C. under alternating voltage gradients up to 
18 kV/mm., but later on it failed during the d.c. experi¬ 
ments with a voltage gradient of about this amount. 

The Measurements. 

The measurements were made by means of the 
Sobering bridge, arranged for use with voltages up to 
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5 000 (Fig. 5). The sample Cj was mounted in the 
mercury-electrode clamps, which were made to with¬ 
stand voltages of several thousand. The standard con¬ 
denser Cg was specially constructed for these investi¬ 
gations. Both of its banks of plates were insulated by 
pillars of fused quartz from the case, which could, 
therefore, be connected to earth as shown in Fig. 5. 
The measurement of the capacitance and power factor of 
the sample for any value of the applied voltage was 
made in the usual way and calls for no special comment, 
but it will be obvious that when the simple earth con¬ 
nection of Fig. 5 was used, it was necessary to apply 
corrections for the capacitances to the guard ring of the 
sample, and the screen of the standard condenser, which 
shunted the resistances and Rg respectively. Check 
measurements were made in one case with a Wagner 
earth connection. These gave the same results as the 
simpler connection shown. 



5.—Schering bridge for use up to 5 000 volts. 


A comparison of the results obtained with samples of 
different thickness was considered to be of importance. 
Measurements were therefore made on single sheets of 
thickness 0*0250 cm., O-OlSgCm., and 0*0043 cm. The 
sample of thickness 0 • O 259 cm. was dried at 90° C. before 
testing; the sample of thickness O-OlS^cm. was tested 
first in an undried condition and then after drying at 
90° C. The thinner material of 0 • 004g cm. thickness was 
tested in an undried condition. 

A sample consisting of two sheets of total thickness 
0'014r, cm. was also tested after being dried at 90° C. 

The teniperatures at which measurements were made 
were 25° C., 50° C., and 70° C., and the frequencies 
chosen were 50, 800, and 1 000 cycles per second. 

Hysteresis Effects. 

As in the case of the investigation on varnished cloth, 
the applied voltage was increased to its maximum value 
and reduced to zero several times in succession before 
any measurements were made, so that the non-repro¬ 
ducible effect of the first application of the voltage was 
not included in most of the measurements. The permit¬ 
tivity and power factor were then measured with the 
lowest voltage that would give the required sensitivity, 
after which the applied voltage was gradually increased 
up to its maximum value, and then reduced to its 
original value, readings of permittivity and power factor 
being taken at suitable stages. The whole series of 
readings was taken as quickly as possible so as to avoid 
undesirable changes in the condition of the material. 

In the case of the thicker samples, the readings at 


any given voltage gradient were the same for increasing 
and decreasing values except at the frequencies of 80Q 
and 1 000 cycles per second, when the values of capaci¬ 
tance and power factor were slightly higher at the end of 
the tests than at the beginning. The sample of thickness 
0*004gCm., however, showed much larger differences 
between the two sets of readings, the capacitance and 
power factor values being respectively about 1 to 4 per 
cent and 2 to 18 per cent higher for falling than for 
rising voltages. If, however, readings were taken an 
hour later, the capacitance and power-factor values were 
found to have decreased, and a day later they were 




Fig. 6.—Capacitance and power factor of cellulose acetate with 
increasing and decreasing voltage gradient. 


practically the same as the original values. To illustrate 
this effect, curves showing the .capacitance and power- 
factor values with increasing and decreasing voltage 
gradients-are shown for two samples in Fig. 6. In the 
one case the curves for increasing and decreasing stresses 
are practically identical; in the other, they are different 
at the lower values of voltage gradient, although if a 
second series of readings is taken an hour later the 
divergence between the curves then obtained is not so 
great. 

In general, the mean values of capacitance and power 
factor with increasing and decreasing stresses were 
chosen. 

A change in temperature of the sample during the tests 
will not account for this hysteresis effect, ie. the 
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increased values of capacitance and power factor as the 
voltage gradient is decreased, since it has been shown 
that the capacitance increases and the power factor de¬ 
creases with rise of temperature for low voltage-gradients. 
A possible explanation is that part of the increase of con¬ 
ductance is due to the production of new ions by the 
applied field, and that these ions do not immediately 
re-combine when the field is reduced, but that the pro¬ 
cess of re-combination is so slow that several hours are 
required to reach the initial condition. 


Results. 

The results are given in Figs. 7, 8, 9, and 10. Figs. 7 
and 8 show the increase of capacitance and conductance 



Fig. 7.—Relation between a.c. conductance and voltage 
gradient, showing efiect of thickness at 25° C. 


Qg — ' (^ 2 ) 

O, = Oo(l H-. . . . (13) 

= + y . . . (14) 

where Cg, and Wg are the conductance, capacitance, 
and power loss respectively of the sample under the 
voltage gradients, and Cq are the low-voltage values 
of the conductance and capacitance, and y and t] are con¬ 
stants of the sample. Some of the curves obtained for 
cellulose acetate are so different in shape from those for 
varnished cloth that it is immediately obvious that the 
above equations cannot represent all the results. Exami¬ 
nation of the results showed, however, that up to voltage 
gradients of 8 or 9 kV/mm. (at which point the curves 
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with voltage gradient, the increase being represented as 
a fraction of the low-voltage value in each case. 

The most striking feature of the results is the relatively 
large increase in the power factor in some cases as the 
voltage is raised. In one case the value is doubled at a 
stress of 9 kV/mm., and trebled at 17 kV/mm. The 
changes observed with varnished cloth were of the order 
of 10 per cent at 10 kV/mm. Another very significant 
point is the diminution in the rate of increase of con¬ 
ductance (or of power factor) at the highest stresses in 
several cases. It immediately gives rise to the sug¬ 
gestion that there is a tendency to approach a saturation 
value of some kind. The results obtained for varnished 
cloth were found to satisfy the equations 


for varnished cloth come to an end), the curves for the 
two materials are similar, and over this range of voltage 
gradient the results for cellulose acetate could in general 
be fitted to the above equations. In two cases the 
equations are satisfied over the whole range of voltage 
gradient up to 17 kV/mm,, whilst in three other cases 
the results cannot be accurately expressed by the equa¬ 
tions even up to 10 kV/mm. In the latter cases the 
samples concerned were either at high temperature 
(70° C.) or were in an undried condition. 

The values of the constants y, rj, p, and q obtained 
from equations (12) and (13) are given in Table 4:, It 
will be observed that the values of the indices y and n 
are of the same order as those found for varnished cloth 
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The mean values are y = 3*4, = 3'2. It is therefore 

not improbable that in spite of the great difference in 
the magnitude of the phenomenon in the two cases the 
physical process involved is similar, and that if the 
voltage gradient to which the varnished cloth were sub¬ 
jected could be increased to still higher values the rate 
of increase of conductance would not be expressed by 
the above equations over the whole range of voltage 
gradient. 

It was found that, in those instances where equations 
(12) to (14) did not hold over the range of voltage gradient 
8 to 18kV/mm., the conductance of the samples could 



Fig. 9.—A.C. conductance and voltage gradient, showing 
effect of temperature and drying. 


cases. In others it follows equation (13), and there are 
also cases in which the rate of increase diminishes as 
the stress is increased. 

The effect of frequency on the increase of conductance 
and permittivity with voltage gradient ma^^ be judged 
from Figs. 7 and 8. The ratio of high-voltage to low- 
voltage conductance GJOq is of the same order at fre¬ 
quencies of 50 cycles and 800 or 1 000 cycles, although 
the actual values of the two conductances are about 
20 times as great at 1 000 cycles as they are at 50 c^^cles. 
There is, however, a definite tendency for the ratio 



Fig. 10.—A.C. conductance and applied voltage, showing 

effect of thickness. 


be expressed with considerable accuracy by the formula 

^ -h ^ log X 
ciGg JB 

from which it follows that “ 

clJi. AC 


III other words, over this range the rate of increase of 
conductance with electric stress is inversely proportional 
to the value of the stress. 

The variation of permittivity with stress is shown in 
Fig. 8. Here again the change is very much larger 
than it was for varnished cloth, though the curves for 
the two materials are similar in shape up to the point 
at which the curves for varnished cloth terminate. 
Beyond this point the increase of permittivity of cellu¬ 
lose acetate with stress is approximately linear in some 


GsIGq to diminish as the frequency increases. The effect 
of voltage on permittivity appears to be almost inde¬ 
dependent of frequency, at any rate for dried material. 

The effect of temperature on the increase of con¬ 
ductance with voltage gradient is shown in Fig. 9, 
Generally speaking, the effect of a rise in temperature 
from 25° to 50° C. is to cause a small increase in the ratio 
GsIGq. a further rise of temperature to 70° C. made in 
one case caused a large increase in Gs/Gq, the con¬ 
ductance at a stress of 17 kV/mm. becoming six times as 
great as the low-voltage value. It is worthy of note 
that, while at a stress of 4 kV/mm. the conductance at 
20° C. is twice as great as that at 70® C., yet with a 
stress of 17 kV/mm. the conductance at 70° C. is 50 per 
cent greater than that at 20^ C. This fact is of con¬ 
siderable importance in considering the possibility of 
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Table 4 


Values of y, rj, p, and q, in the Equations; 
W = GqX^[ 1 + pXy) . . . (14) 

and C = + 3^”) • • ■ (13) 


Sample 

Temp., 

°C. 

Frequency: 

cycles/sec. 

y 

yj 

p 

Q 

L 619. Two layers 

25 

50 

3-1 

2-4 

9 X 10 -^ 

1 

X 10-4 

Total thickness, 0-0145 cm. - 

25 

1 000 

3-5 

2-1 

2 X 10-4 

3 

X 10-4 

Dried at 90° C. 

60 

60 

4-3 

2-6 

0-6 X 10-4 

0-5 

X 10-4 

L 619. Single sample 
Thickness, 0- 025^ cm. 

25 

50 

2-9 

4-1 

14 X 10-4 

1-9 

X 10”® 

Dried at 90° C. 

L 619. Single sample 
Thickness, 0-0130 cm. < 

25 

26 

50 

800 

3-2 

2-9 

4-0 

3-2 

1-3 X 10-4 
1-2 X 10-4 

2-6 

2-2 

X 10-7 

X 10-8 

Not dried 

50 

50 

Equations do not hold. 




50 

800 

3-8 

4-3 

0-4 X 10~^ 

0-7 

X 10-6 


25 

50 

3-3 

3-0 

1-9 X 10-4 

8-8 

X 10-6 

L 619. Single sample 

25 

800 

3-0 

3-0 

2-3 X 10-4 

9*5 

X 10-6 

Thickness, 0-0130 cm. 

50 

50 

4-1 

3-5 

0-3 X 10-4 

1-3 

X 10~® 

Dried at 90° C. 

50 

800 

3-0 

3-0 

2-2 X 10-4 

5-3 

X 10”® 


70 

50 

Equations do not hold. 



L 619. Single sample 
Thickness, 0‘004g cm. 

Not dried 

s. 

25 

50 

3-6 

2*8 

0-7 X 10-4 

0-2 

X 10-4 

25 

800 

Ec 

nations d 

0 not hold. 





Mean. , 

3-4 

3 - 2 













* Hysteresis effect pronounced. 


Notes: {a) Equations (13) and (14) apply up to gradient of lOkV/mm. approx. 

(6) Equation A -|- B log X applies from 10 to 17 kV/mm. 

(c) Equations (13) and (14) apply over whole range to gradient of 17 kV/mm. 


Notes 


(a), (b) 
(a), (b) 
{«), ( 6 ) 

{a) 

[c) 

[c) 

W, [h)^ 

[a] 

(«). {h) 

{a), {b) 

(^) 


(a)* 


thermal instability in the material. A rise of temperature 
also affects the rate of increase of conductance with 
voltage gradient; it will be observed from Fig. 9 that 
the tendency of the rate of increase of conductance with 
stress {dGIdX) to diminish at the highest stresses is more 
marked at the higher temperatures. 

Fig. 9 also gives some information on the effect of 
moisture content on these phenomena. At low tempera¬ 
tures the ratio Gsf^^o fora given stress is greater for dried 
material than for undried, but the ratio increases more 
rapidly with temperature for the undried material, and 
at 50° C. is greater for this material than for the dried 
material. 

A comparison of the results obtained with samples of 
different thickness is of importance. Fig. 7 shows the 
results obtained at 25° C. with samples of thickness 
varying from 0-0048 cm. to 0*0259 cm., and it is imme¬ 
diately obvious that in all cases the increase of con¬ 
ductance begins at a fairly definite voltage gradient 
(3 to 4kV/mm,), which suggests that voltage gradient 
(and not total voltage) is the determining factor. On 
the other hand, voltage gradient is not the only factor 
involved, since the curves are very different for samples 
of different thickness. For single-layer samples the ratio 
GJGq for a given voltage gradient increases with the 
thickness. A sample of two layers gives a greater 


increase in the ratio GJGq than a single-layer sample of 
the same total thickness. Variations in the material in 
samples of different thickness may account for some of 

Table 5 

Power Factor of Samples Used in liiGH-VoLTAOE 

Measurements 


Cellulose Acetate L 619 


Condition 

Number 

of 

layers 

Total 

thickness, 

cm. 

Power factor at 

25® C.,800 
cycles 

25“ C.,50 
cycles 

50® C., 50 
cycles 

Not dried 

1 

1 

0-0048 

0-0369 

0-0279 


Not dried 

1 

0-0130 

0-0300 

0-0202 

0-0183 

Dried .. 

! 1 

0-0130 

0-0272 

0-0195 

0*0130 

Dried .. 

2 

0-0145 

0-0283* 

0-0193 

0-0134 

Dried .. 

1 

0 - 0259 

— 

0-0223 

— 


* Value at 1 000 cycles. 


these differences; for example, their power factors varied 
as shown in Table 5, but it is more than possible that 
the increase of conductance under high voltage depends 
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on the total thickness and the number of layers, as well 
as the voltage gradient even for material of the same 
composition. The results were also plotted against total 
voltage (Fig. 10), but the curves obtained were more 
widely different than those obtained by plotting against 
voltage gradient, so that total voltage cannot be regarded 
as the determining factor. One might be tempted to 
conclude that the large increase in the conductance of 
the sample of two layers was due to the ionization of an 
air film between them, but it is unlikely that such 
ionization would begin at just that critical voltage 
gradient which applies to the single-layer samples. Also 
the power factor of the two-layer sample was not 
greatly different from those of one layer (see Table 4), 
so that any air film present must have been extra¬ 
ordinarily thin. 


which had previously been used for the a.c. measure¬ 
ments. This sample, after drying at 90° C., was tested 
at 25° C. with voltage gradients up to 19 kV/mm. On 
raising the temperature to 50° C., however, the sample 
broke down under a stress of 17 kV/mm. 

In both these series of measurements, the final con¬ 
ductance alone was observed as it was difficult to get 
sufficient steadiness of, conditions to allow satisfactory 
measurements of absorption current to be made. 

Results. 

The results are shown in Fig. 11, from which it may 
be seen that the relation between final conductance K 
and voltage gradient X is approximately linear, and we 
may write 

K == Kq{1 -f mX) .... (15) 



Fig. 11.—D.C. conductivit^r and voltage gradient. 


(5)"raGH-VOLTAGE D.C. MEASUREMENTS 
Measurements were also made to find out whether the 
properties of the material under d.c. conditions varied 
with the applied stress in the same way as did the a.c. 
properties. The method and apparatus were exactly 
the same as those used in the investigation on varnished 
cloth (see Ref. L/T44).’‘‘ As in the case of the a.c. measure¬ 
ments, it was difficult to get satisfactor 3 )- results owing 
to the breakdown of several samples under voltage 
gradients of about 15 kV/mm. or less, before the tests 
were finished. Eventually two complete series of 
observations were obtained and these were considered to 
be sufficient for our purpose. The first was for a sample 
of material L 618 under ordinary room conditions, i.e. 
without drying or conditioning in any way. This 
sample was afterwards dried at 90° C., allowed to cool 
and tested at 25° C., when it broke down under a stress 
of only 9 kV/mm. The second series of measurements 
was obtained on the two-layer sample of material L 619, 

Journal 1934, vol. 76, p. 631. 


The deviations from this law are probably no greater 
than the experimental error. Thus the behaviour of 
cellulose acetate under these conditions is very similar 
to that of varnished cloth, although the values of the 
coefficient m for cellulose acetate are considerably larger 
than those for varnished cloth (see Table 7). 

It is to be observed that the rate of increase of final 
d.c. conductance with voltage is relatively much greater 
than the corresponding increase of a.c. conductance, 
each being expressed in terms of its low-voltage value. 
Thus the d.c. conductance at 18 kV/mm. is about ten 
times as great as the low-voltage value, while the a.c. 
conductance is about three times as great as its low- 
voltage value under the same stress. Since the final 
d.c. conductance also increases with rise of temperature, 
while the a.c. conductance in some cases does not,* 
it seems probable that as breakdown conditions are 
approached the final conductance becomes more and 

* However, at very high stresses, the a.c. conductance does increase with 
rise of temperature (see page 325). 
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Table 6 


Time from 
application of 
voltage 
(min.) 

Conductance, mho 

Ratio: 

K,. 

Ratio: 

J'T" 

1 \. 

At 0*3 kV/mm. 

(a:„) 

At l-lkV/mm. 

At2’2k\7mm. 

1 

3-25 X 10-1" 

3-41 X 10-10 

3-So X 10-10 

1-05 

1-09 

2 

1 

3-20 X 10-10 

3-40 X 10-10 

3-53 X 10-10 

1-06 

1-10 

10 

3-17 X 10-10 

3-34 X 10-10 

3-49 X 10-10 

1 • 05 

1-10 


more important, and that the actual breakdown is a 
process of simple d.c. conductance, under the conditions 
of these experiments, i.e. for frequencies less than 
1 000 cycles per sec. 

It has been observed that the a.c. conductance is 
practically independent of the voltage for voltage 
gradients less than 3 kV/mm. (approx.). 

Measurements were made to determine whether the 
d.c. conductance was similarly independent of stress at 
the lowxr voltage gradients. A sample of the material 
L 619 of thickness 0*018 q cm. was tested at voltages of 
50, 200, and 400 supplied from batteries. With the direct 
deflection method used, the galvanometer readings 
obtained are only small at low temperature and with 
dried materials, so the sample was not conditioned and 


Table 7 



Tempera¬ 

ture, 

°C. 

* 

m 

Sample L 618 

Thickness, 0*0118 cm. 
Not conditioned 

21 

! 

22 X 10-i« 

0*29 

1 

Sample L 619 

Two samples 

Total thickness, 0 -OUg cm. 
Dried at 90° C. 

25 

0-2 X 10-14 

0*67 


the temperature of test was raised to 50° C. By this 
means greater deflections were obtained. 

Measurements of the conductance at 1, 2, and 10 
minutes from the time of application of the voltage are 
given in Table 6. 

It will thus be seen that the conductance increases 
when the voltage gradient is increased, even for these 
low gradients. The relation K=:K^{lJ^mX) may 
again be used, but the value of m is in this case only 
0*05. It therefore appears that the d.c. conductance 
differs from the a.c. conductance in that it is not inde~' 
pendent of the voltage gradient for gradients below 
3 kV/mm. The small value of m in this case may be 
due to the high temperature, but as the experiments on 
this saniple were riot carried to high-voltage- gradients 
it is not possible to say whether or not the rate of varia¬ 


tion of K is constant over the whole range of voltage 
gradient. 

(6) DISCUSSION OF RESULTS 

The Mechanism of the Dielectric Absorption. 

We have shown that the power loss in this material 
under low voltage-gradients, or, in other words, its a.c. 
conductance, is almost entirely due to dielectric absorp¬ 
tion, or a displacement of electrical charges within the 
material, which conforms to the superposition principle. 
There are many theories which might possibly be applied, 
but since the material is clear and transparent, and has 
been freed as completely as possible from water, one 
must, in this case, rule out Maxwell's theory and its 
modiflcations, which assume inhomogeneity of the 
material on a large scale. Since also the properties of 
the material at low voltage-gradients do not depend to 
any important extent on the thickness of the sample 
tested, it is probable that theories depending on the 
accumulation of ions at the outer surfaces do not apply 
to this material. We are left with Debye's dipole 
theory, and the theory of adsorbed ions proposed by 
Murphy and Lowry,* as the most probable. According 
to the dipole theory, the electrical displacement is due 
to molecules of the material, which are electrically 
unsymmetrical, and therefore possess a permanent 
electrical moment. Under the influence of an applied 
field, these molecules tend to take up a definite orienta¬ 
tion. Their motion is opposed by a force of viscosity 
and is therefore retarded, the result being a dissipation 
of power in alternating fields and absorption currents 
in constant fields. It has been shown by Kitchin and 
Mullerf that this theory can be successfully applied to 
certain results for resin and castor oil, and by RaceJ 
that it may be similarly applied to mineral oils. There 
seems to be no reason why it should not also apply to 
the same extent to cellulose acetate. According to the 
theory, the power factor increases with increasing fre¬ 
quency up to a niaximum value at a certain frequency, 
which^ is determined by the molecular constants of the 
material. A further increase of frequency causes a 
decrease of power factor. The effect of a change of 
temperature is merely to cause a displacement of this 
maximum value to a higher frequency, the general form 
of the power-factor/frequency curve being unaltered. It 

* Journal of Physical Chemistry, 1930, vol. 34, p. 598. 

j Physical Review lQ2S,vol. Z2, TO. 

t Ibid., 1931, vol. 37, p. 430. 
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follows that the increase of the power factor of the 
material with increasing frequency, and its decrease 
with rising temperature, are both consistent with the 
theory, provided that the frequency which is charac¬ 
teristic of the molecular movement (i.e. at which the 
maximum power factor occurs) is greater than those 
used in this investigation. This is, of course, highly 
probable. If, however, we attempt a quantitative 
check of the theory by means of our observations, we 
are immediately faced with a discrepancy. The theory 
in its simple form predicts an a.c, conductance which is 
given by an equation of the form 



Q 



from which it follows that (x>l{G tan S) should be a linear 
function of The authors' observations certainly did 
not satisfy the relation, so that although the dipole 
mechanism will account for certain features of the results, 
it does not give anything approaching a complete ex¬ 
planation. 

The picture given by Murphy and Lowry for the 
dielectric phenomena occurring in materials such as 
cellulose acetate is as follows. The substance is built 
up of a number of minute structural units, each con¬ 
taining, say, 10^ molecules. Each unit is regarded as a 
perfect insulator; dielectric imperfections are confined 
to the spaces between the units, and any water which 
may be absorbed is accumulated there. These spaces 
may be regarded as conducting closed surfaces, insulated 
from one another, and the movement of ions on the sur¬ 
faces is the cause of conduction and dielectric absorption. 
Ions which are adsorbed, and which therefore cannot 
leave the particular surface to which they are attached, 
give rise to dielectric absorption. Free ions lead to con¬ 
duction. It may be shown that the displacement of the 
adsorbed ions thus pictured conforms to the superposition 
principle, and that it will therefore in some measure 
account for the results obtained for the power loss and 
absorption currents in cellulose acetate. A close quanti¬ 
tative agreement can only be obtained, however, on the 
assumption that there are several kinds of ions, bound to 
the conducting surfaces by forces of different magnitudes. 
The diminution of the power loss due to dielectric absorp¬ 
tion with rise of temperature is explained by Murphy 
and Lowry as being due to the liberation of some of the 
adsorbed ions as the forces of thermal agitation increase, 
and this also would account for the increase of d.c. con¬ 
ductivity under the same conditions, although the two 
quantities are of such different orders of magnitude that 
it is difficult to accept this explanation. There remains, 
however, the possibility of accounting for the variations 
of power loss with temperature and frequency, not by 
change in the number of adsorbed ions, but by a change 
in their relaxation times, exactly similar to the change 
in the relaxation times of the polar molecules. The same 
analysis would apply to both processes, and it is not 
possible to discriminate between them by a consideration 
of the results of the low-voltage experiments. It may 
be recalled that the effect of a trace of moisture on a 
sample at 90® C. was to increase its final conductance 
and to diminish its absorption conductance, both by very 
large amounts. On Murphy and Lowry's picture this 


means that the water liberates certain of the adsorbed 
ions, a process which appears to be not improbable. 

The Mechanism of the Increase of Conductivity 
with Stress. 

In our report on the properties of varnished cloth 
under high-voltage gradients, various processes have been 
considered in order to explain the increase of conductivity 
with rise of voltage gradient. These include the move¬ 
ments of water in the capillaries of the structure according 
to Evershed's theory, and ionization by collision. The 
application of Evershed's theory to the results for cellulose 
acetate is out of the question since the material is not 
fibrous, and it was thoroughly dried. The process of 
ionization by collision in solids, on the lines of Townsend’s 
theory for gases, has been considered by Gunther- 
Schulze* and in more detail by S. Whitehead,f who 
have shown that it would cause an increase of con¬ 
ductivity, which would depend not only on the voltage 
gradient but also on the total voltage. Although 
certain features of the present results are not inconsistent 
with this view, e.g. the increase of power loss with stress 
does not seem to be greater for a given field strength for 
thick specimens than for thin ones, also the hysteresis 
effect observed with the very thin material suggests that 
at least some new ions are produced at high stresses, yet 
the fact that the rate of increase of conductivity in some 
cases definitely diminishes as the field is increased, and 
that there is a tendency to approach a saturation value, 
appears to be inconsistent with the theory of ionization 
by collision. It would, however, be consistent with the 
authors' previous suggestion that the effect of the ionic 

collision is to detach associated neutral molecules from 
♦ 

the ions and so increase their velocity. Such a process 
would obviously lead to a saturation value of con¬ 
ductivity. 

The increase of a.c. conductivity appears to be approxi¬ 
mately proportional to the low-voltage value of the con¬ 
ductivity, from which it seems probable that the process 
by which this increase occurs, whatever its nature, must 
operate on the electrical carriers which take part in the 
low-voltage conductance. Thus, if the a.c. conductance 
were due to the rotation of polar molecules we should 
expect its increase with voltage gradient to be due also 
to these molecules. We should expect, however, the 
rotation per unit field of a polar molecule to decrease 
with increase of the field, since the rotation cannot exceed 
a certain finite limiting value. Thus the evidence of the 
high-voltage experiments suggests that the conductance 
of cellulose acetate, both a.c. and d.c., is not due to the 
movements of dipoles, but to those of ions. 

Some recent work on the properties of ionic systems 
will now be considered. 

The Theory of Inter-Ionic Attraction. 

In recent years it has been found that the conduction 
of electrolytic solutions does not obey Ohm’s law when 
the applied electric field is increased from the low values 
generally used in work on electrolytes, to values of the 
order 10 kV/mm., i.e. the order of voltage gradient 
employed in the present investigation. When our 

* Physikalische Zeiischrifi, 1923 vol. 24, p. 212, t Unpublished. 
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results are compared with those obtained with electrolytic 
solutions, certain points of resemblance become obvious, 
so that it is important to consider to what extent the 
theories developed to explain the behaviour of electro¬ 
lytes may be applied to dielectrics. 

The results of two independent lines of experimental 
work are available. M. Wien* has studied the conduction 
of aqueous solutions of strong electrolytes, such as potas¬ 
sium chloride and magnesium sulphate. The power dis¬ 
sipated in such materials under high-voltage gradients 
is, of course, very great, and in order to avoid a rise of 
temperature due to this cause, Wien worked with 
voltage-impulses of very short duration (of the order 
10-6 sec.). He found that under these conditions the 
conductivity of the solution increased with the applied 
field, the curve representing the increase being strikingly 
similar to some of the curves representing the authors* 
a.c. results for cellulose acetate, namely, those which 
bend over at the highest voltage gradients. 

An investigation of a rather different type has been 
carried out by Gyemant.f He used solutions of much 
lower conductivity, e.g. picric acid dissolved in a mixture 
of benzene and ethyl alcohol. Thus the difficulty of 
self-heating was less important in this case, and. he was 
able to employ the ordinary d.c. method of determination 
of resistance by observations of current and voltage. He 
also observed an increase of conductance with increasing 
voltage gradient, and describes his results as being 
similar to those of Wien. An examination of his curve 
shows, however, that it resembles much more closely the 
authors d.c, results than their a.c. results, e.g. his curve 
shows no tendency to approach a limiting value at the 
highest voltages. 

The most satisfactory theory of these effects is one put 
forward by Debye and his associates, showing that they 
are a consequence of the electrostatic forces of attraction 
or repulsion acting between each pair of ions in accordance 
with Coulomb's law. Since each positive ion attracts all 
the negative ions in its neighbourhood and repels all the 
positive ones, it tends to surround itself with more 
negative ions than positive ones. Thus in any medium 
containing free ions in a state of agitation there will be 
a certain regularity in the distribution of positive and 
negative ions. In the development of the theory this 
regularity is represented by considering each ion to be 
surrounded by an atmosphere of ions of opposite sign, 
and it is shown that these ionic atmospheres must be 
regarded as possessing a certain effective radius, of the 
order 10”®/y cm., and a certain characteristic time con¬ 
stant of the order sec., where y is the concentra¬ 

tion of ions in mols per litre. The time-constant r or 
time of relaxation represents the natural time of formation 
and disintegration of the atmosphere. For example, if 
an ion is suddenly removed from a certain position the 
time required by its neighbours to assume a random dis¬ 
tribution is characterized by r. As a result of the 
presence of the atmosphere and its finite time of forma¬ 
tion, the motion of each ion must be regarded as being 
opposed by other forces besides that due to the viscosity 
of the fluid medium, and given by Stokes's law. Thus 
Stokes's law applies only to an uncharged medium, but 
\PhysimischeZeitschnfi,im,vQ\.29,^,^ 

r^iVtssenschaft Veroffentlichungen am dem Siemens-Konzern, 1928, vol. 7 , 


the existence of the ionic atmosphere implies that the 
elements of volume of the medium nearest to the ion 
must be regarded as charged, and an additional force is 
called into play on this account. This force is usually 
•called the force of electrophoresis. It may be regarded 
as an addition to the force given by Stokes's law. Again, 
the atmosphere of an ion which is not drifting under the 
action of an external field may be regarded as possessing 
spherical symmetry, so that the force between the ion 
and its atmosphere has the same value in every direction, 
but when the ion begins to drift under the action of a 
field this S3mimetry is destroyed owing to the finite 
■time required for the atmosphere to assemble and dis¬ 
integrate at the points successively occupied by the ion 
in its motion. It is almost as though there were a slight 
lag between the ion and its atmosphere (though the 
motion of the atmosphere must he thought of as like that 
of a wave and not as one of translation of the ions forming 
it). The result is that the force exerted by the atmo¬ 
sphere on the ion is no longer the same in all directions ; 
there is a resultant force in the opposite direction to the 
rnotion of the ion. This force is often called the relaxa¬ 
tion force. Thus the motion of an ion must be regarded 
as opposed by three forces—that due to the ordinary 
viscosity of the medium (the Stokes's force), the relaxa- 
, tion^ force, and the electrophoresis force. The mathe¬ 
matical theory of the motion of an ion under the influence 
of these forces shows that to a first approximation the 
velocity is proportional to the applied field. Thus the 
conductivity is independent of the field, and Ohm's law 
holds for weak fields. A second approximation shows, 
however, that the relation between conductivity G and 
applied field X should be represented by the formula* 

Q_ _ Q 

A = —^ = AX2(1 - ^X2) . . (17) 

'''' . . ( 18 ) 

Thus the conductivity should increase with the applied 
field, and in its early stages this increase should be 
given by the above formula. If now the applied field 
becomes very great, the velocities of the ions may become 
so large that an ion does not occupy any one position 
for a sufficient time to allow the atmosphere to collect. 
Thus the^ forces of relaxation and electrophoresis no 
longer exist and the mobilities of the ions are corre¬ 
spondingly increased. In fact, in very high fields the 
conductivity tends to approach a limiting value, which 
IS the value obtained when the Stokes’s force only is 
opposing the motion of the ion. On this theory the 
values of the conductivity at very low and very high 
voltages give some idea of the relative magnitudes of the 
inter-ionic forces and those of ordinary viscosity. Very 
good agreement has been obtained between the above 
theoretical equation and Wien's experimental results for 
various electrolytes. The theory has also explained the 
variation of the equivalent conductivity of solutions with 
dilution, so that there is no doubt that the forces described 
must be considered in any discussion of systems of free 
ions, and there is a probability of their being important 
m dielectric theory. 

G. Joos: Physikaliscke Zeitschnft, lB 28 , vol. 29 , p. 755 . 
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Application to Cellulose Acetate, 

It will be obvious that the above theory supplies at least 
a possible explanation of the authors’ results for cellulose 
acetate. It gives an increase of conductance, which is a 
function of voltage gradient only and not total voltage. 
This increase is proportional to the low-voltage con¬ 
ductivity and at very high field strengths the rate of 
increase diminishes, the conductivity tending towards a 
limiting value in the highest possible fields. However, 
the authors were not able to obtain a very good agreement 
between their results and equation (17), which might be 
expected to represent the initial portion of the curves 
of Fig. 7. The dotted lines in this diagram represent 
equation (17), when the constants are chosen so as to 
fit the portion of the curves between 10 and 17 kV/mm. 
Attempts made to fit the formula to the parts of the 
curves between 3 and 8 kV/mm. all gave negative values 
for j8, and it is doubtful whether the formula can be 
applied to these results. The values of the constants 
are of some interest. Those for the dotted curves of 
Fig. 7 are of the order .^1 = 1 X 10"“^^, ^ 1*4: x 10“*^^. 

Wien’s values for various electrolytes were of the order 
^ == 2 X 10”^^, = 3 X 10-^^ (in calculating all these 

values, the field strength was expressed in volts per 
cm.). Thus the constants are of the same order in the 
two cases, though actually the relative increase of con¬ 
ductivity of cellulose acetate was much greater than any 
observed by Wien, which would suggest that the inter¬ 
ionic forces are relatively greater in cellulose acetate. 
Possibly this could be accounted for by the small 
dielectric constant of the material. 

The Effect of Frequency. 

In the foregoing account of this theory, no mention 
has been made of frequency. Direct-current conditions 
have been implied, and yet the theory has been con¬ 
sidered in relation to a.c. observations. This obviously 
requires further consideration. 

We have seen that the relaxation force opposing the 
motion of an ion depends on the finite time required for 
the formation and dissipation of the ionic atmosphere at 
any point, as a result of which there is a kind of lag 
between a moving ion and its atmosphere. It will be 
obvious that such an effect will depend on frequency, at 
any rate in the region over which the periodic time is 
of the same order as the time of relaxation of the ionic 
distribution. Debye and Falkenhagen* have investi¬ 
gated this effect mathematically and have shown that 
the conductivity must increase with the frequency and 
.at the same time the dielectric constant must decrease 
with frequency. In other words, the effects are those of 
dielectric absorption, and we may regard the theory of 
inter-ionic attraction as another possible explanation of 
the results obtained for power loss and permittivity at 
various frequencies. The curves of conductivity and 
permittivity against frequency are very similar to those 
given by the other theories. The only important dif¬ 
ference between the various curves is the frequency scale, 
and if in each case the frequency unit is proportional to 
the relaxation time of the system under consideration 
the curves are practically identical. The relaxation 
times of a dipole system, an ionic atmosphere, and a 

* Physikalische Zeitschrift, 1928, vol. 29, p. 401. 


structural unit of Murphy and Lowry’s picture, may, of 
course, be of quite different orders of magnitude, and 
this fact may be of use in discriminating between the 
various processes. For example, the calculations of 
Debye and Falkenhagen give a value of the order^ of 
10 “^ sec. for the time of relaxation of an aqueous solution 
of molar concentration 0*001. Thus dielectric absorp¬ 
tion effects should be most noticeable in such a solution 
at frequencies of the order 10^ cycles per sec. It is 
interesting to note that when the frequency becomes 
very high compared with l/r the ion vibrates so fast 
that the atmosphere is quite unable to adapt itself to 
the movement. It may be considered as stationary 
with the ion vibrating about its centre. The mean force 
exerted by the atmosphere on the ion is now the same 
in all directions, i.e. the relaxation force has vanished. 
Thus as the frequency becomes higher and higher (at low 
voltages) the conductivity increases, ultimately ap¬ 
proaching a limiting value, which is the value obtained 
when the relaxation force becomes zero. The limiting 
value for very high voltage-gradients will be higher than 
this high-frequency value, since at high voltage-gradients 
the electrophoresis force also vanishes. The two limiting 
values would therefore give some idea as to the relative 
importance of the relaxation force and the electro¬ 
phoresis force. It is also interesting to notice that if 
the high-voltage experiments are carried out at a high 
frequency, the increase of conductivity with voltage 
should be smaller. 

When the frequency is very low compared with l/r 
we may consider that the ionic atmosphere is able to 
follow every movement of the ion, and thus the mobility 
of the ion is the same as under d.c. conditions. Thus 
the a.c. and d.c. values of conductivity should be identical 
as long as the frequency is negligibly small compared 
with 1 /t, which is the condition assumed in the discussion 
of the voltage effect. 

(7) CONCLUSIONS AND RECOMMENDATIONS 
Conclusions. 

A general survey of the experimental results for cellu¬ 
lose acetate points to the conclusion that the dielectric 
properties of this material can only be explained by a 
combination of several of the processes which have been 
considered. Thus the dominating factor in the deter¬ 
mination of the power losses in the material under low 
voltage-gradients appears to be a process characterized 
by a time of relaxation considerably less than lO-^ sec. 
The fact that the conductance representing these losses 
increases with the voltage gradient suggests that the 
process is one of ionic conduction, and that the increase 
of effective conductance with voltage gradient is due to 
the change in the inter-ionic forces resulting from the 
increased velocities of the ions in accordance with the 
developments of Debye’s theory. The effect of the 
voltage gradient is complicated by the fact that the time 
of relaxation may not be negligibly small compared with 
the periodic time of the applied voltage. The variation 
of the power loss with frequency shows that a single 
process with one time of relaxation is not sufficient to 
account for the results. There must be several such 
processes with different times of relaxation. The d.c. 
absorption currents after a time of charge of 10 or 
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100 seconds show that there must be at least one process 
a time of relaxation of this order. Such large time- 
constants are much more likely to be associated with large 
groups of molecules than with single ions. The authors are 
therefore inclined to think that a mechanism such as that 
proposed by Murphy and Lowry must be responsible for 
the d.c. observations^ i.e. the conduction is ionic and 
takes place not uniformly throughout the material but 
along certain restricted paths. On this theory the final 
d.c. conductance is due to the motion of the free ions only. 
Its increase with voltage gradient might possibly be 
accounted for by the liberation of adsorbed ions by the field 
as suggested by Murphy and Lowry, but the similarity 
of the present results to those of Gyemant, which were 
obtained for liquids containing ions, suggests that the 
increase of conductance is not due to an increase in the 
number of free ions. Gyemant found that the increased 
conductivity due to an applied field only occurred in the 
direction of this field; the conductivity in a direction at 
right angles to the polarizing field was unchanged. Thus 
the number of free ions could not have been increased. 
The increase of conductivity may be due to inter-ionic 
forces, as already described, and in this case the difference 
betv^een the d.c. and a.c. high-voltage results will be due 
to the fact that they are concerned with the motion of 
different ions, Gyemant suggests a process involving 
the formation of a chain of pairs of associated ions of 
opposite sign in the direction of the strong field and the 
passing of ions from one pair to the next, but the evidence 
in support of this suggestion is not as. yet very strong. 

It is doubtful whether certain features of the present 
results can be adequately accounted for on the basis of 
the theory of inter-ionic attraction, viz., 

(a) The existence of a critical voltage gradient below 
which the a.c. conductance is to a very close 
approximation independent of the field, and 
above which it increases vdth the field ; 


{b) The effect of the thickness of the material on the 
increase of a.c. conductance with stress; 

(c) The time effect observed with thin specimens. 

These phenomena are not inconsistent with a theory 
of ionic collision, but the existing theories of cumulative 
ionization will not explain the form of the authors’ curves 
for the increase of conductance with stress. Further 
work on this point is advisable. 


Proposed Further Work, 


It has been shown that the dielectric properties of* 
cellulose acetate are complicated by the simultaneous, 
operation of several molecular or ionic processes, each 
characterized by a definite time-constant. These time- 
constants could be determined by making observations, 
of power factor over a very wide range of frequency and 
noting the points at which maxima occurred. This would 
constitute an important step towards the solution of the- 
problem. Observations over the widest possible range of 
frequencies would be required, and it might be advisable 
to control the time-constants to some extent by taking 

the temperature of the sample over as large a range as^ 
possible. 


it would be advisable to simplify matters as far as pos¬ 
sible by working with materials of known composition 
It is suggested that these should be obtained by taking 
pure liquids with neutral molecules, e.g. hexane or 
benzene, and adding to them various proportions of 
other materials known to possess polar molecules, or 
molecules which dissociate into free ions on solution. 

he properties of such materials in the solid and liquid 
state over a wide range of conditions, including those 
of the present inyestigation, may be expected to yield 
information as to the relative importance of the- 
processes and the properties peculiar to each 

of them. 
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SUMMARY 

The application of statistical methods to an examination of 
the value of current specifications in determining the mech¬ 
anical suitability of line insulators shows that unexpectedly 
great aberrations may occur. A detailed analysis of a Central 
Electricity Board specification, for instance, illustrates how 
appreciaBile are the chances of passing a batch .tcontaining a 
large number of defective units, and it may be argued that too 
much importance is attached to a test of doubtful value. 

It may be possible to go some way towards reducing the 
discrepancy limits by adopting a more actuarial attitude to¬ 
wards the interpretation of results. Specification levels might 
be arrived at by the methods described in B.S.S. 600—1936, 
and a hypothetical case has been examined. In practice it 
would first be necessary to determine by research whether 

(1) The frequency curve for line units was statistically 

determinate. 

(2) Reliable specification levels could be determined. 

It is also pointed out that samples of not less than 30-60 
units should be tested, although these might be drawn from, 
larger batches. 

The final section of the paper contains the author’s con¬ 
clusions as to the value of mechanical consistency and a sug¬ 
gestion that resistance to thermal stresses might profitably 
receive more attention. 


(1) INTRODUCTION 

A standard specification should define the qualities 
required in a product and also stipulate tests to discover 
whether a product submitted from a possibly untried 
source will have substantially the qualities desired. What 
is therefore necessary is a semi-legal document so drafted 
that the maximum difficulty is placed in the path of non- 
compliance while the minimum burden is placed on the 
supplier of a product which is satisfactory. It is essential 
to make two basic suppositions:— 

(1) A hypothetical manufacturer of completely un¬ 
known skill, experience, and integrity. 

(2) A hypothetical inspector who has no prima facie 
knowledge of the range of variations of possibly well-tried 
commercial articles, or their normal service performance. 
Where inspectors or manufacturers are referred to in the 
paper they are presumed to be of these hypothetical 
types. 

(2) AN EXAMINATION OF TESTING FOR 
GUARANTEED MINIMA 

The usual methods of determining, by type tests, 
whether a batch of articles may be accepted as complying 

* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 
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with a Specification, are normally of such a hit-or-miss 
nature that the relatively few breakdowns experienced 
in service may be taken, not as a testimonial to careful 
inspection, but as a compliment to the general level of 
skill of manufacturers. As an example we may take the 
testing of porcelain line-insulators for mechanical suita¬ 
bility;-and as a typical specification examine that em¬ 
ployed by the Central Electricity Board, a body which 
has probably had a profound influence on current 
practices, in this country at least. This specification goes 
farther than B.S.S. No. 137, which is applied to many less 
extensive contracts. 

The following extracts are taken from Specification 
C.E.—P.L.I. and refer to the mechanical requirements 
demanded in the case of cap-and-pin type insulators 
which were assembled into strings of 9 units for 132-kV 
service. The maximum (thepretical) working load was 
4000 lb. 

Routine Tests. 

" (a) Insulator Routine Mechanical Test .—The insulator 
unit shall be arranged complete as in service, and a load 
25 per cent in excess of the maximum working load stated 
in Schedule D shall be applied to the insulator. The load 
shall be maintained for one minute without injuring or 
loosening the insulator or fittings. 

Type Tests. 

“ The following type tests, with the exception of the 
voltage distribution test (/), shall be carried out in the 
order given on two insulator strings selected by the 
engineers at random from each batch of not more than 
300 insulator strings submitted, the individual units 
having already passed the routine tests. 

“ Before selection of the sample insulator strings the 
contractor shall indicate clearly to the engineers the 
actual insulators and their number constituting the batch 
submitted. 

“ In the event of a sample from any batch failing to 
pass any one of the t 3 rpe tests, a further four complete 
insulator strings shall be selected by the engineers from 
the same batch and shall be submitted to such of the type 
tests as may be required by the engineers. 

In the event of failure occurring in any of these addi¬ 
tional tests the whole batch shall be rejected, but if no 
such failure takes place the batch may at the discretion 
of the engineers be passed as satisfactory. 

“ Where a batch of insulators has been rejected the 
contractor shall satisfy the engineers that adequate steps 
will be taken to mark or segregate the insulators consti¬ 
tuting the batch in such a way that there shall be no 
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possibility of the rejected insulators subsequently being 
re-submitted for test or supplied for the Board's use. 


[h) Mechanical Type Tests to Destruction. —Each in¬ 
sulator unit of one of the selected strings complete with 
fittings as in service shall withstand for one minute 
without damage, permanent distortion, or loosening of 
fittings, a load 2*5 times the maximum working load 
specified in Schedule D. It shall subsequently be tested 
to destruction, and the failure shall not take place at a 
figure less than the breaking load stated in Schedule D. 

(k) Electro-mechanical Type Test. —Each insulator 
unit of one of the selected strings shall be tested for one 
minute to 2|- times the maximum working load stated in 
Schedule D, and simultaneously a voltage of not less than 
75 per cent of the. dry flash-over voltage shall be main¬ 
tained between its terminals throughout the test. An 
insulator unit shall be considered to have failed under the 
electro-mechanical test when breakage takes place or 
when a puncture occurs in any part of it or when a dis¬ 
charge of any sort passes from one terminal to the other.” 

It will be seen immediately from the above that: 

(1) Any insulator failing mechanically at 5 000 lb. or 
less is excluded from the type tests. 

(2) Out of each batch of not more than 300 x 9 = 2 700 
insulator units, 2 x 9 == 18 are type-tested to destruction, 
or to the electro-mechanical test load of 10 000 lb. 

In many branches of industry, within the author’s 
personal knowledge, it is not uncommon to submit 
batches of material to tests at least as rigorous as those 
specified before the inspector arrives. This practice is 
particularly common in the case of switchgear, for in¬ 
stance, and saves wearisome and pointless delays due to 
easily remediable minor faults which may be cleared by 
more or less simple adjustments. There can be no 
guarantee that the same practice is not resorted to in the 
case of insulators, and there is no conclusive evidence 
that the residue of a batch of insulators previously sub¬ 
mitted to a routine test of, say, 9 000 lb. (or even 
10 000 lb.) will behave any differently when later sub¬ 
jected to 10 000 lb. in the presence of an inspector. The 
manufacturer need not disclose the results of such tests; 
there is nothing to indicate that they have been taken; 
and a number of defective units which might have led to 
the rejection of the batch may have been eliminated in 
the process. . . 

Presumably the 5 000-lb. routine test figure has been 
kept low to prevent the unnecessary straining of units 
which are later to be put into service. If so it presup¬ 
poses that the manufacturers will not have chanced the 
so-far doubtful effect of increasing this figure in the belief 
that by so doing they may have made it easier for their 
insulators to pass the type test. 

It may be {)ointed out that the latter requires each unit 
to withstand 10 000 lb. for one minute '' without damage, 
permanent distortion, or loosening of fittings.'' Why, then, 
if 10 000 lb. has no deleterious effect, reduce the routine 
test to 5 000 lb, ? 

If, out of the 18 t57pe-tested units, none should fail, 
the batch is accepted. If only one should fail a further 
4x9 = 36 units are selected and put through the same 


tests. If all 36 pass, the batch is then accepted at the 
discretion of the engineers, in spite of the fact that one 
of the first 18 was unsuccessful. The idea, obviously, is 
to make allowances for the possibility of a single erratic 
result which may have been due to bad luck. (The 
specification does not clearly limit the initial failures to 1, 
but it is assumed that this is the limit of the engineers’ 
discretion.) 

Let us examine this test statistically. Suppose, in the 
2 700 insulators, there are actually n units which would 
fail on test if they were tested by the inspector. If all 
2 700 units were tested to destruction—or to 10 000 lb.— 
n would prove faulty. As we want to have units to put 
on the line we can only afford to test 18 out of the 2 700 
to destruction. Also, as we do not fully believe the words 
of the specification, we imagine that we might do some 
damage if we routine-tested all the units to 10 000 lb. 
We want the fact that there are n faulty ones in 2 700 to 
be shown by results on the 18 we test (unless we are manu¬ 
facturers, in which case we have reason to hope that none 
of the 18 will prove faulty and that the n, if present, will 
be placed in quiet suspension positions where nothing 
more may be heard of them). 

Now the number of ways in which 18 units may be 
chosen out of 2 700 units is: 

2 700^18 

The number of good units is (2 700 — n), and the number 
of ways we can choose 18 good units is 

(2700-n)<^i8 

The probability that the 18 insulators chosen will contain 
no defective units is therefore 


X 100 % 

2 70oC^18 



Values of this term may be plotted against various values 
of n, as shown in curve A, Fig. 1. 

We are now aware of the fact that if there should be 
only one defective insulator in the whole batch of 2 700 
there is one chance in 150 that it will be chosen for test, 
thereby spoiling the 100 % record of the batch. From 
curve A it will be seen that there is the same chance of a 
batch containing about 700 defective insulators passing 
without question. We cannot avoid taking the chance 
of accepting the very faulty batch, but it seems a pity 
not to give a second chance to the good batch which 
would otherwise be rejected. Therefore, in the event of 
one of the 18 insulators proving defective we take a 
further batch of 36 and hope to get no more failures. 

The first batch already tested, under these latter con¬ 
ditions, must have contained 17 good insulators and 1 bad 
insulator (as if it contained more than 1 bad unit the 
engineers would presumably have rejected it out of hand). 
The number of ways in which such a choice may be made 
is 

(2 700 - n)Oi7 = n. (2 700 - n) O17 ways, 


which is equivalent to 


^ • 2 700 ^ n^l7 
2 70oC'l8 


X 100 % 
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of the total number of ways of choosing 18 insulators. If n is small most of the first tests will be successful, 
36 insulators out of the remaining 2 682 containing but even those batches which do not pass immediately 
(n — 1) defective specimens must all be found to be should rarely contain more than 1 defective insulator, so 
satisfactory. The probability of this happening is that a second test may be called for in the case of most 

of the few unsatisfactory first tests. The second test, in 

[ 2 682 — 1 ) ] 36 .these cases, will frequently be successful. 

2 682^36 If n = 100 about 37 % of samples will contain 17 good 



ACTUAL NUMBER OR DEFECTiVE UN/TS /N A BATCH OF 
2yOQ EROM WH/CH /& ARE CHOSEN AT RANDOM FOR TEST 


Fig- 1 

and the probability (per cent) of a batch passing right and only 1 bad unit; 50 % will contain no bad units and 

through on a second test is 13 % more than one. Of the 37 % submitted to a second 

test quite a reasonable proportion—actually about 1 in 4 
700 - w)Oi 7 [2 682 - (n -1)]036 — should contain no defective units. When n — 50, 

2^00^18 * 2 682^36 * ' ^ however, although only about 24 % are submitted to a 

second test, about 50 % of the batches of 36 samples sub- 
This expression may be calculated for various values of mitted will contain no defective units. When n — 500 
n, and a sufficiently close approximation [assuming term only 6 % of the sample batches contain 1 bad unit and 

(3) to be {(2 664 — n)/2 664j^®®] is plotted in curve B, over 91 % will contain 2 or more bad units which preclude 

Fig. 1. the batch from a second test. Even if there were a 

The shape of this curve is what might be expected in second test it would be about 99 % unsuccessful. " 
view of the following observations. Curve B, added to curve A, produces curve C, which 
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shows the percentage of batches which should be passed 
as a result of the first test or both tests together. 

As a matter of interest a further curve has been added 
to Fig. 1. Let there be n defective insulators in a batch 
which has passed on test. These insulators are to be 
made up into strings and placed in service. 

No. of ways of choosing 9 good insulators (o 682 - w )^9 
No. of ways of choosing 9 insulators 2 682^9 


passing, and should this happen the units will pass into 
service. In such an event it is probable that 1 string in 
2*5 will begin its career mechanically unsound. 

Curve D might be interpreted in another way. If the 
batches submitted to the inspector consistently contain 
150 defective .units, only 1 batch in 3 will pass. The 
units on the line, however, will be entirely made up from 
batches containing 150 undetected defective units, and the 
percentage of defective strings will be 40. The author 



ignoring the complication of having possibly destroyed a 
further 36 insulators on a second test. * ^ 


Probable number of insu-' 
lator strings contain¬ 
ing 1 or more defective 
units 


298(^1 — 682 --)^<^ 9 \ 
2 682^9 / 



This figure, for various values of n, is expressed as 
percentage in curve D, Fig. 1. 

Supposing only one batch of insulators was up for t< 

^ anybody, it actually contain 

150 faulty units. It is about a 1 in 3 chance of ; 


would hesitate to accept this purely theoretical interpre¬ 
tation as it is difficult to conceive an authority accepting 
1 batch in 3 out of a large number of batches, or the 
manufacturer who could stand the economic strain of 
having 2 batches in 3 consistently reiected. There is 
however, more reason to accept this reasoning as appli¬ 
cable to the earlier portion of the curve where n = 25, 
say, and ^ the proportion of defective strings is 8 %’ 
Most engineers and most manufacturers would not be 
unduly disturbed by a 4 % rejection of batches. The 
fibres of 4 % and 8 % quoted would in practice be 
subject to fairly wide variations, depending on the 




FOR THE MECHANICAL TESTING OF LINE INSULATORS 


337 


number of batches considered as a whole and on the way 
an average of 25 defective units per batch was distributed 
among them. As we cannot know exactly how many 
defective units there are unless we test every one up to 
the guaranteed minimum load, we can say, from the 
above reasoning, that if 10 % of the strings contain one 
or more defective units in service we should not be very - 
surprised. The case of tension sets made up of two 
strings in parallel is considered in Appendix (3). 

By “ defective unit ” we mean any which will not stand 
up to the guaranteed minimum breaking load. We do 
not mean one that is necessarily going to fail. There is, 
even in tensioning positions, a factor of safety of some¬ 
thing less than 2-5 which we hope will take care of that 
contingency. In service, however, we may expect loads 
to be partly live loads, and if the theoretical maximum 
working load is, ever reached under such conditions a 
factor of safety of the full 2-5 does not appear to be 
excessive. Fortunately we may reasonably expect far 
more of the defective units to have a tensile strength 
close to 10 000 lb. than close to the routine test load of 
5 000 lb. unless we have had the very bad luck to pass 
an extremely poor batch. 

These are consoling thoughts. The fact remains that 
this test may tell us something very substantially different 
from what we are hoping to discover by it. 

The probabilities of Fig. 1 may also be constructed in a 
different way to give an equally illuminating set of curves. 
If there are n defective units in a batch of 2 700 the mean 
.number of defective units to be expected in the sample 
of 18 selected for test is 18n/2 700 = n/150. Now if 
n = 150 units we should therefore expect, on an average, 

1 defective unit in each 18. The probable variation 
from the mean, is however, given by the Poisson ex¬ 
ponential expansion of which will be found 

tabulated in Pearson’s ** Tables for Statisticians and Bio¬ 
metricians ” (Part I). These values are plotted in Fig. 2, 
and although the points are joined by lines to discrimi¬ 
nate between the various curves the values are actually 
discrete. The values taken from the ordinate 0 and re¬ 
plotted against values of n give approximately curve A, 
Fig. 1. The same procedure at ordinate 1 gives a curve 
showing the percentage of batches which would receive 
a second test (but does not indicate how many would 
pass, as shown in Curve B, Fig. 1). The other ordinates 
give successive values of rejects where 2 or more insulators 
are found defective in the first 18. 

If 2 defective insulators are found we do not know 
whether we have alighted upon the 15 % probability of 
n ~ 600, or the 18 % probability of n == 150, or the 8 % 
probability of n = 75, or the 22 % probability that 
n — 450, or the J % probability that n is only 15. By 
chance we may have alighted on or near the 27 % proba¬ 
bility of the number of defectives being proportional to 
the relative number in the batch. 

In 40 % of cases, where n ought to be 2, however, the 
batch would either be passed or get a second chance 
owing to 2 defectives not being drawn, as against the 
33 % of cases in which more than 2 would be drawn and 
the batch would still be rejected—though on weightier 
grounds than are actually justifiable. 

We see, then, from these various probability curves, 
that the gamble on a small random selection of samples 

VoL. 83. 


proving the worth of the batch may fail more often than 
is comfortable. Also, if the specification requirements 
(clause h) are to be relied upon there is no reason why we 
should ever find a defective insulator if the manufacturer 
has made a practice (whether it be ethical or not) of 
giving a really strong tug at every pin before the inspector 
arrives, and throwing out all those units which might 
later give trouble on test. Such conduct would make the 
gamble even more unreliable. We will now examine a 
method by which we may hope to circumvent such dis¬ 
turbing conduct to a certain extent. It may be re¬ 
grettable that we have to envisage such reprehensible 
practices (that is, from the inspectors’ and consultants’ 
point of view), but if we can trust the products of all 
manufacturers (as a body, not as individuals) why send 
inspectors out at all ? 


(3) A STATISTICAL EXAMINATION OF TEST 

RESULTS 

Section 7 of B.S.S. 600—1935, compiled by Dr. E. S. 
Pearson, describes a statistical process which might well 
be adapted to the case of line-insulator units. Before it 
is possible to state definitely that the method is superior 
to that of guaranteed minimum testing, a large number 
of units should be tested to destruction to discover 
whether the results lie on a statistically determinate 
curve and, if so, what form the curve takes. It seems 
highly probable that a statistical relationship would be 
discovered, but whether it would be of the normal form* 
or some other form for which certain corrections would 
be necessary in the following processes is a matter which 
can only be decided by research, for which the author 
has no facilities. For the purpose of illustrating the 
principles involved it has been assumed that the mech¬ 
anical strengths of line insulator units from a large batch, 
plotted against frequency of occurrence, will give a 
normal curve of the general type:— 


2 / 


_1_e~ (aj - T) 2 /( 2 o- 2 ) 

<j\/(27r} 


where X is the mean and cr the standard deviation 

Fig. 3 shows two hypothetical curves of this type, the 
mean in each case being 13 000 lb. and the area of each 
curve also being the same. The equal areas mean that 
each curve has been determined as the result of an equal 
number of observations. Curve XA'H, however, cor¬ 
responds to a batch of units of which 10 out of every 
2 700 are defective by guaranteed minimum standards, 
while curve XA'^H corresponds to a batch containing 
100 defective units out of every 2 700. That is to say, 

Area XGG' 10 
Area XA'H "■ 2 700 

and Area XGG" 100 

Area XA'^H 2 700 


The guaranteed minimum is represented by the point G 
(= 10 0001b.). From curve C, Fig. 1, it will be seen 

* The coins tested by Prince and Whitehead (see Journal vol. 81, 

p. 515) had characteristics which followed substantially the normal-frequency 
t 5 q)e of curve. 

t B.S.S. 600 gives the following definitions:— 

Mean .—^The sum of the observations divided by their number. 

Standard deviation .—^The square root of the mean of the squares of the devia¬ 
tions of all the observations. 
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that, by guaranteed minimum standards, there is a 
99.5% probability of accepting a batch to curve XA'H 
and a 60 % probability of accepting a batch to curve 

Now if we work out standard deviations for these two 
curves we get, for XA'H, a = 1 200 lb. and for XA^'H, 
O' == 1 800 lb. Suppose that we decide that a mean of 
13 000 lb. and a standard deviation of 1 200 lb. is a 
desirable specification level. If, on testing a batch, we 
get a higher mean it is plainly fair to allow a higher 
standard deviation. We may thus construct a curve as 
in Fig. 4, in which the line AB, BD represents the 
nominal acceptance line. If we test sufficiently large 
numbers of units and the result falls to the right of AB 
and below BD we may say that the units wQpld satisfy 
the specification. It so happens, however, that we can 
only test a rather small number of units in the hope that 
the results therefrom will be representative of the charac¬ 
teristics of the whole large batch. We may therefore 
reject a substantial number of worthy batches if we 
adhere rigidly to the line ABBD. Fortunately we can 
construct another line which may enable us to allow for 
the variations in small sample characteristics as compared 
with large batch characteristics and yet limit the number 
of undesirable batches which will be by chance accepted 
as a result. 

B.S.S. 600 gives formulae and tables of what are known 
as “ fiducial limits."' Before proceeding further it may 
be stated that it becomes apparent that the number of 
units in the test sample should be increased from 18 to 
30, or preferably 50. The development of Fig. 4 has 
been made on the assumption that the test sample is 
50 units, but there seems no valid reason why the 
number of units in a batch should not be raised to the 
compensatory figure of, say, 5 000. The following 
observations are, however, based on a batch size of 
2 700 units. 

It is quite a simple matter to construct lines 
and AG3|^q,GjlqHjq so placed that we may say that there 
is only 1 chance in 10 that results from a small sample 
taken from a large batch from which the results would lie 
on the line AB,BD would fall outside the area bounded 
by these lines. Moreover there is only a 1 in 20 chance 
that the result will be to the left of AK^q or above KjqJjq. 
Similarly the lines AK5Q,KgQjgQ and AG5 q,G 5 qH 5 q confine 
an area in which the sample result will fall 49 times out 
of 50. Only once in 100 times will the result be to the 
left of AKgQ or above KsoJso- happens in this 

hypothetical case that the 1 in 10 lower limit line (sample 
results better than the characteristics of the batch from 
which the sample is taken) corresponding to curve 
XA^'H (where X = 13 000 and a == 1 800) is practically 
coincident with the line Therefore we may say, 

in this case, that taking the line AK5 q,K 5 qJ 5 q as the 
specification acceptance level there is a 1 in 100 chance 
of a batch of 2 700 units containing 10 defective units 
being rejected and a 1 in 20 chance of a similar-sized 
batch containing 100 defective units being accepted. 
There is an even chance of acceptance where the batch 
(not sample) characteristics actually fall on the line 
AKgQ,K5QjgQ, where there are 54 defective units in 
2 700. (The term “ defective unit " means one defective 
by guaranteed minimum standards.) 


If, on batches rejected at the first test, we allow a 
second similar test for acceptance the above chances 
become:— 


Number of defectives 
10 
100 
54: 


Chance of acceptance 
Practically certain 
Less than 10 % 
75% 


Although it may at first sight appear that these chances 
are no great improvement on those for guaranteed 
minima where the sample is 50 units (see curves F and H 
in Fig. 8), it should be remembered that they are very 
much more likely to remain substantially unaffected by 
any prior testing. If, therefore, by research we can 
obtain evidence that— 

(1) Variations in the strength of line units are statisti¬ 
cally determinate so that the above processes, possibly 
with corrections, may be applied to the results obtained; 

(2) Reliable deviates may be specified; 



Fig. 6 


we should have gained a far more reliable instrument 
than the guaranteed minimum on which to base accep¬ 
tance or rejection of batches. When it is considered that 
the value of a large batch of units may be of the order of 
£2 000 the extra complication is negligible. 


(4) “ PER CENT AVERAGE VARIATION 
The A.I.E.E. standards (clause 41.203) specify for 
puncture tests a per cent average variation " which 
shall not exceed 10 %. This is a simple test of con¬ 
sistency which might be adapted to the mechanical test 
also. The standard error in the arithmetic mean of N 
observations is cxl V^> where cr is the standard deviation. 
In the A.I.E.E. tests N may be as low as 3, but there is 
a saving clause which allows at least a further 10 tests at 
the discretion of the manufacturer. For a normal- 
frequency curve the mean (or average) deviation is 
simply 0-8 X (standard deviation). If the curve for 
line insulators is found not to follow the exact normal 
form the standard deviation may provide a better test of 
consistency, and the procedure of the preceding Section 
may very probably be found to be better still. 
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It is difficult to find a valid reason why the A.I.E.E. 
test specifies that in the event of a further 2 % (or 10 
msulators) being tested the results of the first tests shall 
be Ignored. The greater the value of N, the greater the 
probable accuracy, statistically speaking. This type of 
test, although only partially satisfactory, is better than 
a straightforward minimum proving. 

(5) MAXIMUM AND MINIMUM LIMITS 
In October, 1929, the V.D.E. issued a set of standards 
or various types of insulator, and the proof load was 
given in the form of minimum and maximum values for 
cap-and~pin type insulators. While, if consistency is a 
^rtue, this appears to be a praiseworthy matter, it will 
be seen from Fig. 5 that it may have the effect of in¬ 
validating a greater number of batches which would 
fulfil the frequency curve B than those fulfilling frequency 
curve A, although curve B is equally consistent, but the 
units are stronger on average. 

It would appear, therefore, that a statistical method 
of test is better. 

(6) CONCLUSIONS 

^ It appears to be established that very wide variations 
in quality may be expected in batches of insulators either 
accepted or rejected by means of mechanical type tests 
of the kind specified in the Central Electricity Board and 
other standard specifications. There is, however, much 
to be said for consistency in results, as illustrated by 
curve XA'H (Fig. 3), which would generally be admitted 
• to be superior to curve XA'^H. 

Some measure of the consistency of a batch may be 

obtained (within fairly wide experimental limits, it is 

true) from consideration of the mean and standard 

deviation obtained by tests on a sample. These factors 

may be determined with increasing confidence in their 

accuracy as the number of sample units tested is 
increased. 

It should be possible, as the result of fairly extensive 
researches for which the author has unfortunately no 
facilities, to determine permissible specification levels for 
line insulators of the usual types. 

The manufacturer would still be able, by prior testing, 
to evade a number of unfavourable results, and the only 
way of circumventing these practices would be to test all 
umts up to their guaranteed minimum load and reject all 
that do not succeed before commencing the type tests 

for mean and standard deviation (which might be modi¬ 
fied accordingly). 

If this were done we should have eliminated all units 
which might fail at a load below a specified amount, and 
we must therefore examine the position to see whether 

there is any virtue in demanding consistency in the 
remainder. 

WHAT IS THE VALUE OF CONSISTENCY? 

The author’s remarks hitherto have been confined to a 
mathematical inteipretation of various methods of test. 
The following comments are conjectural and consist of 
his personal interpretation of this investigation on a 
broader basis. Much research, for which he has not the 
facilities, would be required before such conjectures could 
be definitely substantiated, modified, or disproved. 


We have seen that current specifications appear to put 
a premium on consistency in mechanical test values, as 
there appears to be some reluctance to test all units up 
to the guaranteed minimum breaking load and simply 
weed out those which fail. The author is of the opinion 
that this is an inefficient way of saying that we want 
consistency because thereby we shall get a better batch 
of insulators for service conditions—probably because 
higher thermal resistance may be expected from a batch 
which is mechanically subject to only small variations in 
tensile strength. Experience of a large number of test 
results on various designs of unit appeared to bear out 
this latter expectation. 

On the other hand a batch of units which gave a wide 
range of mechanical test values, the average of which was 
correspondingly high, might be expected to pass current 

specification tests although its thermal resistance might 
be relatively poor. 

Therefore, unless there is some other reasoning which 
is too inscrutable for immediate comprehension, one 
would be led to deduce that the present specification 
thermal tests are not severe enough [assuming that 
clause (h) in the C.E.B. specification quoted may be 
honestly fulhlled]. 

The thermal stresses which a line unit may have to 
resist in service are very high. A complex fabrication 
made up of galvanized iron, cement, porcelain, cement, 
and galvanized iron, in layers may have one side exposed 
to a sun temperature of, say, 130° F. while the other side 
IS in the shade at the ambient air temperature of 80° F. 
A summer hailstorm may then bombard the whole 
structure with a mixture of ice and water. This, and 
other lesser thermal stresses, are far from uncommon 
during the life of a unit in service, while the thermal 
effect of a flashover followed by a thunderstorm deluge 
is still very imperfectly understood. The unit must also 
be able to withstand a succession of live mechanical loads 
due to conductor tension accompanied by vibration. 
Unfortunately, even in the manufacture of the porcelain 
shell alone, we have to compromise between its ability 
to withstand these two sets of service conditions, as will 
be seen from Fig. 6 which is taken from a paper by H. 
Handrek (‘^ Porzellan als Werkstoff,'’ Zeitschrift del 
Vereines Deutscher Ingenieure, 1927, vol. 71, p. 1553). 

If we determine upon a compromise and make units of 
various sizes from the same porcelain body we find (from 
an examination of various manufacturers* designs) that 
while, in order to get 10 000 lb. guaranteed minimum 
electro-mechanical test value out of a normal 10 -in. disc 
it is necessary to introduce complication into the pin 
contour, when 20 000 lb. or more is required it is usual 
to revert to a simple design of pin. This is very largely 
due to the fact that the depth of insertion into the 
cemented cavity must be increased, and if the compli¬ 
cated contours of the 10 000 -lb. pin are employed (in 
scaled-up form) under these conditions the thermal per¬ 
formance of the unit will be unsatisfactory. 

This simply means that 10 000 lb. is a figure which is 
forced out of the normal 10 -in. disc at 5 in. to 5 jin. 
centres at the expense of thermal resistance, but as even 
under these conditions the units will pass current speci¬ 
fication temperature-cycle tests it would not be econo¬ 
mical for any one manufacturer to obtain the 10 000 lb. 



FOR THE MECHANICAL TESTING OF LINE INSULATORS 


341 


by introducing a better and simpler unit, as in order to 
do so it would be necessary to increase the size and there¬ 
fore the cost. 

Now if the minimum criterion for mechanical accept¬ 
ance on test were altered to a mean value of at least so 
much, combined with a standard deviation not greater 
than some amount determined after investigation, it 
would not be economical for a manufacturer to try to 
force additional mechanical strength out of a unit, as by 
so doing he would imperil his standard deviation figures. 
The same result, however, might possibly be obtained 
with equal success by making the temperature-cycle test 
more severe, the two factors being interdependent. 

In case this reasoning might appear to be unsupported 
by facts, it may be remembered that the strength of a 
10-in. cap-and-pin unit at 5-in. centres some 15 years ago 
was very commonly quoted as “ 10 000 lb. average.’" 
Since then the guaranteed minimum has been insisted 
upon and the figure is still 10 000 lb. Fig. 6 shows that 


Felspar 

100 % 



Fig. 6.^—Effect of composition of porcelain body on various 

" characteristics. 

The arrows show the direction of increase in the values of the characteristic 
described. 

this may be obtained at the expense of thermal resistance. 
Puncture value's have also increased, thereby accentuat¬ 
ing this effect. Thermal resistance, however, has been 
restored to some extent by the now common expedients 
of coating the pin with a resilient medium and employing 
the sanded surface as a bond for the cement-porcelain 
joint. The shape and dimensions of the units remain 
substantially the same. Necessity has led to the general 
adoption of artifices to increase the resistance to thermal 
stress of units which would otherwise have failed to pass 
on test. In the author's opinion there has been too much 
concentration on mechanical and puncture test improve¬ 
ments which have been developed at the expense of all¬ 
round improvements now possible compared with 15 years 
ago. The result is a unit which is not as good as it might 
be for service. 

It will be noted that the mathematical reasoning of this 
paper is equally attributable to puncture-voltage t 5 q)e- 


testing, but not very clearly to such characteristics as 
flashover, which depend largely on external charac¬ 
teristics that do not come under the heading Of random 
variations as between units. 
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APPENDIX 1 

Fig. 7 is an extension of curve A, Fig. 1, to show the 
effect of altering the number of units chosen at random 
for guaranteed minimum type testing. It will be seen 
that the effect of choosing only 9 out of 1 350 instead of 
18 out of 2 700 is almost negligible as far as the shape of 
curve is concerned—but the effect of 100 faulty insulators 
out of 1 350 is, of course, much worse than that of 100 out 
of 2 700. Conversely, it would be expected (and calcula¬ 
tion shows) that the shape of the curve would alter very 
little if 36 insulators were tested out of a batch of 5 400. 
The effect of 100 faulty insulators out of 5 400 would not 
be as bad as that of 100 faulty out of 2 700, but against 
this must be placed the added seriousness of the rejection 
(by bad luck only), of a batch of as many as 5 400, and also 
the unwieldiness of such a batch which is more likely to 
be affected by variations in manufacture, firing, etc., 
which could not be properly described as random varia¬ 
tions within the batch. Such variations should be made, 
as far as possible, random variations as between batches, 
a condition which favours smaller batches. The equa¬ 
tion of these factors is not within the immediate scope 
of this paper. 

Other curves show the effect of testing numbers greater 
than 18 units out of a batch of 2 700. The curves, as 
might be expected, became in effect steeper as the abscis¬ 
sae are on a logarithmic scale and the inspector, if con¬ 
fronted by 5 batches of which only 1 passed, should be 
much less uneasy in accepting the successful batch if he 
had tested 36 insulators in each, as he might expect only 
half as many units to be defective on average. In other 
words we may say that if T is the number selected for 
test per batch and x % batches are accepted as a result 
of the tests, the probability is that the average number of 
defective units in the batches accepted is approximately 
18n/T, where n is the number corresponding to £c % in 
curve A, Fig. 1. (This approximation must be used with 
caution as it only holds if the number of units in the 
batch is very large compared with both n and T.) 

Fig. 8 shows that it is possible, by choosing suitable 
sample numbers, to shift the probability curve so that 
there is relatively little chance of finding the steeply rising 
portion of curve D, Fig. 1. In other words we can reduce 
very materially the chance of putting into service a high 
percentage of strings containing defective units. The 
difference between curve C and curve H is very noticeable, 








\/ALU£S O/^ n 

Probability of a batch, containing n defective units passing on the first test where samples of various sizes are 

selected for type-testing. 


and although curve H leads to the rejection of a rather One might therefore expect the costs of a manufacturer 
higher percentage of batches containing only a few defec- who was sure to that extent to be increased by about 4 % 

tive units it is far superior in the rejection of highly if the specification called for tests on 50 plus 50 units 

defective batches. instead of 18 plus 36, and if the rejected batches are 

If we consider the case of a manufacturer who is con- regarded as worthless (see Appendix 2). 
fident enough in his product to expect only, say, 5 defec- It is quite possible for the engineers to work out 

tive units per batch, we find for the two curves that he similar curves for any particular scheme they may have 

should have to test the following percentages of units, in mind, and although the author favours statistical 
on an average, in successful batches: specification levels (which can only be determined after 

much research but which, once decided upon, are ihore 
directly applicable on a general basis) as a future criterion, 
he is of the opinion that the immediate application of the 
principles here described would enable engineers to be 
mucH surer that their specifications were being sub¬ 
stantially fulfilled, provided that it is legitimate to ignore 
the possibility of prior tests by the manufacturer. 

It will be appreciated that curves C and H refer only 
to testing batches of 2 700 units, and that curve D refers 
to cases where these are to be assembled into strings of 
9 in series. 
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Table 1 


Number of defective units per batch of 2 700 



Tested to curve . . 

Rejects at 85 % . . 

Accepts at 100 % 

Addition to costs of accepted units to make up 
loss on rejects .. 

Percentage destroyed in testing 

Percentage added to costs due to rejections and 
loss by testing . . 

Extra cost due to testing to Curve H instead of 
Curve C, % 

Probable percentage of defective strings in 
service .. 


0*5 

1- 9 

2- 4 


C 

0-5 

99-5 

0*07 

0*79 


1-5 


1-3 


H 

7*5 

92*5 

1*22 

2*02 


0*86 3*2 


C 

0*8 

99*2 

0*12 

0*84 

0*9 


2*3 


3*3 


8*2 


C 

5*8 

94*2 

0-9 

0*91 

1*8 


6*4 


8*0 


XT 

O. 

49*7 

50*3 

15*0 

2*1 

17*1 


60 

X 

k 

§ 

^ 40 

20 
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appendix 2 

Table 1 gives some idea of bow calline for tests on 
insulator units, instead of on 18 plus 36, out 
of batches of 2 700, would affect manufacturing costs. 
Although a batch may be rejected for a major specifica¬ 
tion It IS not necessarily a dead loss. It will be sold as 
opportunities occur, for use on minor schemes where 
mechamcal strength is not so important. Supposing that 
the value of a batch is reduced by 15 % on rejection owing 
charges pending marketing opportunities', 
which themselves may be less favourable, then Table 1 
shows in the penultimate line, the extra cost of 
manufacture represented by more rigorous testing under 
the terms shown by curve H, Fig. 8, 

This Table is only an approximation, as many factors 

for instance, be more difficult to 
sell 49-7 /o of one’s rejects at only 15 % loss than it 
would be to sell only 3 %. The Table does demonstrate, 
however, that the price of ensuring a very high probability 
of passing only slightly defective batches is within the 
bounds of reason if prior tests may be ignored. 

At the same price the standard error in the’standard 
deviation would be reduced from 0- 167a to 0- la. 

Manufacturers, incidentally, would be forced to produce 
batches containing very few defective units, as it would 
obviously be difficult for them to stand, or pass on, an 
increased cost such as the extra 13 % which an average 
of 50 defective units per batch might entail. The extra 
cost on a batch containing no defective units is 1 • 1 %. 


APPENDIX 3 

Effect of Using Double Strings in Tensioning 

Positions 

Curve D, Fig. 1, show the percentage of strings con¬ 
taining 1 or more defective units plotted against the 
number of defective units in the batch. This curve is 
re-plotted as curve D in Fig. 9. In certain cases these 
strings may be mounted two in parallel for tensioning 
positions. In that case, if a? % of the single strings 
contain one or more defective units, then in 


curve Y, Fig. 9. The number of double strings in which 
both strings contain one or more defcQtive units is 


x(x — 1) 
99 



This percentage is shown in curve Z, Fig. 9. Curve Y 
gives little cause for satisfaction, but curve Z shows that 



1001^1 


(100 - a:)(100 - « _ 1 )-| 
100.99 



199a; — 
99 



of the double strings one or both strings will contain one 
or more defective units. This percentage is shown in 


very disturbing conditions may arise if we pass an appre* 

ciable number of defective units in a batch accepted for 
service. 

It will be noted that the sum of the above terms is, of 
course, 2x. 
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SUMMARY 

The paper describes the method of assessment of the inter¬ 
ference to radio reception from electrical equipment, and 
determines the level to which such interference must be 
reduced to permit satisfactory service. 

The methods of achieving this result are described for the 
various classes of interfering equipment. Although mainly 
directed towards the protection of broadcast reception, the 
principles described apply equally to other radio communica¬ 
tion services. 


(1) GENERAL 

(a) Nature of Interference: Signal/Noise Ratio 

Any change in the electrical conditions of a circuit 
gives rise to a spectrum of components of current or 
voltage, and the more abrupt the change the higher will 
be the frequency to which these components extend.* 
Nearly all classes of electrical equipment are subject to 
these rapid changes, while, in addition, the apparently con¬ 
tinuous wave-shapes of current and voltage possess series 
of harmonics which may extend into the radio-frequency 
region. Thus nearly every item of electrical equipment 
and apparatus may, from the present aspect, be regarded 
as a potential source of radio-frequency energy. This 
energy may be transmitted to the aerial of a radio 
receiver, producing a radio-frequency interfering voltage 
V at its input terminals with corresponding unpleasant 
sounds in the loud-speaker, or other reproducing 
apparatus. 

The interfering voltage v is received simultaneously 
with a modulated carrier which, if conditions are to be 
tolerable, must be much greater than v, the effect of the 
latter being the more pronounced in the passages of 
lighter modulation. Thus the conditions of reception to 
be assumed in evaluating v are those corresponding 
roughly to the presence of a large unmodulated carrier. 
A suitable output voltmeter must be such that, if con¬ 
nected in parallel with the receiver output in the condi¬ 
tions defined, it gives equal indications when interfering 
voltages of different types, applied to the receiver, pro¬ 
duce noises in the loud-speaker judged by listeners as of 
equal disturbing effect on a programme which may be 
superimposed on the noise. Such a meter, as regards 
pure continuous notes, would follow more or less the 
response/frequency characteristic of the ear. A fre¬ 
quency-weighting curve of this type is shown in Fig. Lj* 
This subject has received extensive study by the Inter¬ 
national Advisory Committee for Long-distance Tele- 

* For example, a square-topped pulse of time-of-passage t gives rise to a 
spectrum of aa intensity, in the band comprised between the wavelengths X 
and (X -h dX), which is jointly proportional to sin* ( 27 rCt/X) and to the band 
width dX, where c is the velocity of light. Any given pulse can be derived by 
summation of such elements. . ■ 

t See Proceedings of C.C.I.F., 1934, vol, 4, p. 258 (Budapest Meeting). 


the Wireless Section, 6/A April, 1938.) 

phone Communication in connection with line communi¬ 
cation, but in telephone practice the properties of the 
receiver mainly determine the phenomena. In radio 
communication the noises are usually either discontinuous 
or of such complex character that the charging and dis¬ 
charging times are of more consequence than the fre¬ 
quency response.* As a result of the work of the Comite 
International Special des Perturbations Radiophoniquesf 
(C.I.S.P.R.) a voltmeter fulfilling the above conditions has 
been specified as a peak voltmeter of linear scale over the 
working range having a charging time of 1 millisec., a 
discharging time of 160 millisec., and an indicating- 
needle time-constant of 160 millisec. The instrument 
is critically damped. A frequency filter added to give a 



Fig. 1.—^Weighting curve for broadcast psophometer 

(C.G.I.F., Budapest, 1934). 


response similar to that in Fig. 1 has been shown to add 
little to the accuracy. 

This specification does not deal with the effect of 
duration and frequency of repetition of the interference, 
features which are often very difdcult to define for a given 
type of disturbance. Accordingly it is usually satis¬ 
factory to take the largest values observed which occur 
at all frequently. The standard adopted by the B.S.I. 
is to take any steady reading if it is maintained beyond 
10 sec. or exceeds on the average a duration of 1 sec. per 
hour, or any interference, however short, if repeated 
oftener than once in 10 minutes. A large tolerance must 
in any case be allowed in respect of accuracy of measure¬ 
ment. Regularly-repeated interference will give indica¬ 
tions corresponding to a single impulse if the interval 
between successive impulses is greater than about 0 • 2 sec. 


* K. Muller and U. Steudel: Verdjfenilichungen. aus dem Gehiet der 
Nachfickientechnik, No. 2,1935. „„„ 

t See Reports (RI)3 and (RI)4 of the I.E.C.; also B.S.S. No. 727- 


-1937. 
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On the other hand, if the interval is less than about 
0 * 1 sec, the voltmeter will give a reading approaching 
closer to the peak value of 'the interference. If the 
individual impulses are of a rapidly transient character 
the increase in indication of the voltmeter, as the impulses 
are repeated with a greater frequency, may be much 
greater than the corresponding increase of subjective 
impression. This source of error is rarely important with 
interference on the normal broadcast wavelengths, but 
with ignition systems the range of spark frequency may 
include the frequencies corresponding to the discharge 
time-constant of the voltmeter. The dif&culty is con¬ 
veniently overcome by referring the interference to a 

normal ” spark frequency. 

The greater the proportion of soft or lightly-modulated 
passages in a programme the greater will be the disturbing 
effect on it of a given interference. Speech and music 


general criterion of '' freedom from interference ” is that 
the noise due to the interference, measured by the volt¬ 
meter specified, should be at least 40 db. below the level 
arising from the transmission to be protected when having 
a degree of modulation of 80 %. The same principles 
will apply to the sound transmission accompanying tele¬ 
vision. The requirements for the vision transmission 
have not yet been decided. Experience (mentioned later) 
so far suggests that the sound is more sensitive to inter¬ 
ference than the vision; so that, from the point of view 
of interference, television may be conservatively regarded 
for the present as an ultra-short-wave broadcast. 

(b) Measurement of Interference 

Let it be assumed that an ideal receiver selects a band 
of frequencies, rectifies the resultant in the manner known 
as linear, and rejects all except a certain band of low 



Fi^. 2. G.P.O. portable radio-interference measuring set. 


differ also in intrinsic liability to disturbance. A number 
of tests were made by the C.I.S.P.R. in which various 
observers adjusted the level of different types of inter¬ 
ference, superposed on a range of representative pro¬ 
grammes, until it was judged just tolerable. The inter¬ 
ference was measured by the voltmeter already specified, 
and the programmes by a peak-voltage indicator. The 
signal(progTamme)-to-noise ratio so determined as corre¬ 
sponding to the limit of toleration was then found to be 
substantially independent of the observer, type of pro¬ 
gramme, and type of noise, provided that the maximum 
level, i.e. the peak of the dynamic characteristic* of the 
programme, was taken. In these circumstances the 
limiting signal/noise ratio was found to be 40 db.,the 
same ratio as that s-pplying to interference between neigh¬ 
bouring transmissions. Now the peak of the dynamic 
characteristic corresponds to the peak modulation of the 
transmission In general broadcasting practice the peak 
modulation level is usua^lly taken as 80 %, so that the 


being attained or exceeded for reasonab 
jjeriods, e.g. at least about 6 % of the programine time. 


but otherwise has no action upon the input 
signal^ apart from a constant amplification of the fre¬ 
quencies selected. Then it may be shown (as in the 
Appendix) that if the incoming signal is 

P(1 + cos pi) cos a)t -{- 2% sin -f- , (l) 

then the low-frequency output is, in certain conditions, 

F=:Const. X cos pi -|- 2'^^ sin —co)i -f- <j>^ } (2) 

We may regard P as the intensity of the carrier, and 
M COB pt as its degree and type of modulation, while 
sin (a)^i -f- is a radio-frequency interfering voltage 
lying in the band accepted by the receiver,* Thus 

' Signal/noise ratio — AfP/2% . . . (3) 

both quantities being measured by a meter of suitable 
response. From the preceding section, M must be taken 

as 0*8 {i.e. 80 % modulation) in determining whether the 

XT. * baad-width corresponds to, or is narrower than 

the l.f. band-width. 
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interference is tolerable. Xhus the signal/noise ratio 
is numerically equivalent to 0 • 8 times the ratio of the 
carrier amplitude to the integral of the high-frequency 
interference spectrum over the band width selected, pro¬ 
vided this integration is made in such a way as to take 
account of the time-constants of the voltmeter specified. 
This leads to the important conclusion that the relative 
interfering efiect can be expressed as a property of its 
high-frequency spectrum (selected and integrated in a 
defined manner) independently of the signal which is 
disturbed. This interfering quality should be measurable, 
in the absence of a signal, by a suitable high-frequency 
(h.f.) voltmeter. If the noise voltmeter previously de¬ 
fined had been a simple peak voltmeter a similar h.f. 
peak voltmeter would have been an equivalent noise- 
indicator. Nevertheless, it is shown in the Appendix 
that an h.f. voltmeter of the same time-constants should 


where is the frequency of rectification, both o/ and 
being actually variable. Although (4) obviously differs 
considerably from the second terms of (2) if n is small, 
it is shown in the Appendix that when n is large (i.e. 
when the interference spectrum tends to be continuous, 
as is usual in practice) the maximum value of (4) is 
probably equal to the maximum value of the interference 
terms in (2), so that the carrier may often be omitted in 
measuring the interference, without great error. 

The average listener’s receiver falls short of the ideal, 
but two possible defects are easy to assess. The standard 
band-width adopted is that corresponding to the trans¬ 
mission of frequency-displacements from 100 to 4 500 
cycles per sec.within the following tolerances: -f 1-5 db. 
and — 20 db. with respect to the response of the carrier 
frequency for frequencies displaced less than 100 cycles 
per sec.; -i- 1*5 db. and — 6 db. from 100 to 200 cycles; 


“1 

{ 



give indications approximately equivalent to those given 

by the noise voltmeter defined. 

The validity of the foregoing analysis requires the 
following conditions in the ideal receiver to which it 
refers:— 

(i) The receiver is of perfect linearity and fidelity. 

(ii) The band width is selected by the h.f. stages, the 
low-frequency (l.f.) stages imposing only an equivalent 
limitation such that terms of frequency greater than the 
maximum modulation frequency permitted by the band 
width are eliminated. 

(iii) The signal carrier is very large compared with the 
interference. 

(iv) The reaction of the sidebands of the signal on the 
interference is neglected. 

It is shown in the Appendix that in the absence of the 
signal the low-frequency output of the receiver is given 
approximately by:— 

V = Const. X sin [(cu^ — co')t . (4) 


-fl-Sdb. and — l*5db. from 200 to 2 000 cycles; 
-f 1 • 5 db. and - 6 db. from 2 000 to 4 000 cycles • 
+ 1-5 db. and — 20 db. from 4 000 to 5 000 cycles; 
.-6db. and - 20 db. from 5 000 to 10 000 cycles; 
response less than — 20 db. for frequencies displaced 
more than 10 000 cycles. When completed, the ideal 
characteristic will presumably be that of the standard 
apparatus of the C.I.S.P.K,. now in construction. If the 
actual band-width differs from this, then the interference. 


f of the continuous-spectrum type, will vary propor- 
ionately with the integral taken over the selectivity 
response/frequency) curve, while the broadcast signal 
vill usually be affected to a smaller extent.* W^ith a 
larrow band-width the efiects tend to be the same for 
)oth, and the signal/noise ratio is not affected. If the 
ectification is non-linear the signal/noise ratio is still 
Lpproximately given by (3). Mumfordf has shown that, 

* A narrow band-widtli dimiiiislics tb© broadcast sidebands, wbil© a wid© 
>and-widtb introduces demodulation effects. _ _ /-o n 

t A. H. Mumford and J. L. Howard: Radio Report No. 277, 1934 0. 

Engineering Department). See also A. H. Mumford and H.Stanesby: Radio 
Report No. S00^19S4 (P.O.E.D.); and J. W. Alexander: Hochfrequmztechmk 
ind RUktrnakusUK 1933. vol. 40, p. 82. 
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neglecting the signal sidebands and intermodulation pro¬ 
ducts of the interference, this conclusion is strictly true 
as regards r.m.s. values in square-law rectification, and 
his analysis will lead also to the more general indication 
that the conclusion is roughly true as regards the modified 
peak values, provided the rectification follows a power 
law with index betiveen 1 and 2. 

It is possible by the means described to make an 
absolute measurement of the interfering quality of the 
voltage appearing at the listener’s aerial, but to charac¬ 
terize the disturbing effect of a source of interference it is 
necessary to consider the coupling between the source and 
the listener. When the interference is directly radiated, 
its field strength may be found, using a calibrated aerial 
in conjunction with a measuring set of the defined 
characteristics, and may be specified at the minimum 
distance at which a listener’s aerial may reasonably be 
situated; or the field-stren^h distribution may be plotted 
and directly compared with the assumed or measured 
broadcast field-strength. As regards indoor aerials, the 
broadcast field and, where possible, the interfering field, 
in free space in the immediate neighbourhood of the 
listener are considered. Often, however, the interference 
is partly conducted, as by the electric mains, and then 
radiated therefrom to the listener’s aerial. It is then 
sometimes possible to determine a statistical average 
field-strength of the radiating system when excited by 
the various sources normally operating,* The more 
important instance of the domestic electric mainsf does 
not permit the satisfactory definition of a field strength 
and accordingly the ratio A of the interfering voltage at 
the listener’s aerial to the interfering voltage at the 
terminals of the disturbing item is measured and known 
as the coupling factor.” The efiective height h of the 
listener’s aerial referred to the broadcast field in the 
neighbouring free space is also measured. Then if V is 
the interfering voltage of the item and e the broadcast 
neid the condition for good reception is that 

V < 0-008^.(5) 


A statistical analysis of the quantity (h/A) permits the 
determination of the limiting value of V, and the inter- 
fenng quahty of the item can be characterized bv the 
measured value of V. It is necessary to consider both 
&e voltage which may exist between the terminals of the 
Item and the voltages between the terminals, which mav 
be comected together for this measurement, and earth. 1 

ir,! volta^ge is known as the ‘‘symmetrical 

oltage and ae latter as the “ asymmetrical voltage.” 

disturbing voltage is profoundly influ- 
external h.f. impedance applied to the 
Item through the system connected thereto. The 
conditioiis,^m these respects, under which the item is 

tested must therefore be carefully defined for each tvne 
of disturbing source. 

(c) Comparison of Various Methods 

inJSufoS^ measur- 

g equipment. In the first method an artificial carrier 

t ^PP^MPication systems, etc. 

p. 257. uLLER. Elektnsche Nachnchtm-technik, 1934, vol. 2 


may be injected at the input or at the detector, and the 
special voltmeter defined measures the l.f. output. 
This method is employed in the Siemens and Halske 
apparatus,* which comprises a 2-stage h.f. amplifier 
tuned to the injected artificial carrier, a square-law 
detector, which functions linearly owing to the large 
carrier, and an l.f. amplifier and special voltmeter. A 
simplified version employs an oscillating detector and 
a voltmeter consisting of a single valve. A feature 
of the standard apparatus which seems open to ques¬ 
tion is that the band width is partly selected in the l.f. 
stages after detection. 

In the second method the special voltmeter is used in 
conjunction with a suitably selective h.f. amplifier as a 
high-frequency valve-voltmeter. This method has been 
adopted by the G.P.O. and the E.R.A., although a 
number of tests have been made by the previous method. 
Besides the use of standard field-strength-measuring 
equipment, the G.P.O. have designed a portable testing 
set, shown in Fig. 2 and described in B.S.S. No. 727— 
1937, It comprises a superheterodyne amplifier and 
mco^orates means for calibration, ifi situ^ by observing 
tte indication due to the thermal agitation in the first 
toned cmcuit. A similar set having a range from 12 to 
2 000 m. has recently been constructed. The E.R.A. set 
for toe broadcast ranges (Fig. 3) employs a buffer- 
ampMer type of toned amplifier. Means are incor¬ 
porated for checking battery voltages and currents, and 
the apparatus has been found sufficiently constant in 
use to need only an occasional recaUbration by a standard 
signto Both the G.P.O. set and the E.R.A. set employ 
a vertical-rod aerial in measuring the field strengths and 
are adapted for measuring interfering voltages by means 

w if screened input transformer. The 

R.R.A. short-wave measuring set (Fig. 4) is only adapted 
for measuring field-strengths using a frame or vertical- 
aerial It is similar to the G.P.O. apparatus in 
employmg the superheterodyne principle (the inter¬ 
mediate frequency is 1 Me.) but is directly calibrated for 
field strength by toe radiation from a given loop carrying 

h ^ standard distance. Recently the 

h.f. metood has been adopted in the standard C.I.S.P.R. 

toe U?A construction, and has also been used in 

The tted method, toe measurement of the l.f. output 
interference m absence of a carrier, is employed in 

ami ’v ^^mparative, and in qualitative, tests, 

nd c^ be applied to a calibrated radio receiver equipped 
^ a suitable output voltmeter. The N.E.L.A. f in 

ti^to method, specifying the selec- 

“y band-width so 

!, ""^^ber less than 9 kc., but the l.f. fidelity 

employed, and the 
tol bme detemuned by the meter needle, is of 

the order of 0-3 sec. A transfer standard method is 

freSu?ncvt (120 cycles per sec. fundamental 

interference. The output of the multivibrator is cali- 

J- SCHM.BO: 

IBhfiS: Z.E.E.. 

33 ; General 
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Fig. 5.—Effect of simple signals with different methods of 

measurement. 



First method 

Second method 

Third method 

Signal 

L.F. voltmeter 
with carrier 

H.F. voltmeter 

L.F. voltmeter 
without carrier 

Single frequency 

-,-0 - _ 0*4 kc. 
from carrier 

-X-In tune 

-A-Dis- 

placed 0‘4kc.from 
peak 

No reading 

Wave modulated 
30 % at 0*4 kc. 

Same as third 
method in this case 

—- ® — Corrected 
for crest value 

— Q — Corrected 
for modulation 
percentage 

1 


The E.R.A. receiver was arranged to make measure¬ 
ments according to any of the three methods. Fig. 5 
shows that the reactions to standard signals follow the 
elementary theory. An unmodulated wave gives the 
same readings with the first two methods and no reading 
with the third. If a wave modulated to a depth M is 
applied the first method gives (1 -f M) times the carrier 
(peak h.f. voltage), while the second and third methods 
are identical and givp the modulation ikf- The readings 
are corrected by the factors mentioned, and the agree¬ 
ment is within the differences caused by the selectivity, 
curvature, and lack of perfect linearity in rectification. 
Similar comparisons between the first and second methods 
were made by the G.P.O. and E.R.A. with different 
sources of interference, as shown in Table 1. 

Thus the first and second methods, which are 
theoretically equivalent, are also equivalent in practice, 
allowing for the difficulty of reproducing accurately the 
interference tested. The complexity of the interference 
employed in these tests is evidenced by the fact that an 
average h.f. voltmeter gave results differing from those 
referred to in Table 1 to a mean extent of 8 db., and in 
some cases by 10-20 db. Comparison (49 tests) between 
the G.P.O. and E.R.A. sets, both following the second 
method, gave a mean difference of 0 • 12 db. and a maxi¬ 
mum difference of 4 db. A similar comparison was made 
between the G.P.O. and the Siemens and Halske sets, the 
latter embodying the first method. The mean difference 
was 3 db. and the maximum 6 db. 

Provided the characteristic of the measuring apparatus 
is accurately linear and the interference has a continuous 
and fairly uniform spectrum, the presence of the carrier, 
wherein the first method differs from the third, has not a 
very great effect. This was verified both with artificial 
and with normally-radiated carriers in tests on inter¬ 
ference from trolley-buses and also (artificial carrier only) 


Table 1 


Tests made by 

Source of interference 


Difference* (db.) 


Max. 

Mean 


(1) Buzzer of telephone noise unit . . . . . . 

• * 

—|- 2 

— j— 1 


(2) Fractional-h.p, motor . . . . . . . . 

• • 

H lliijil IIM> 

-f*3 

E.R.A. 

(3) Magneto ignition system .. 

■ • 

~ 5 

- 1 


(4) Dynamo and commutator (square impulses) 

• • 

- 2 

- 0-5 


(5) N.E.L.A. multivibrator 

• « 

+ 4 

0 

G.P.O. 

, 

(6) Vacuum-cleaner motors (fractional-h.p. universal type) 

(7) Wheatstone transmitter run at 10 speeds varying between 

■H'l'"— 

_]_ 1*5 


r and 90 pulses per sec. . . .. 

• 4 

—(~ 3 

“f* 1 


* A plus sign means that the l.f. voltmeter with carrier gave higher readings than the h.f. voltmeter without carrier. 


brated in terms of a standard signal modulated at 
400 cycles per sec. to a depth of 40 %. Sinailar equip¬ 
ment, with the addition of an acoustic filter adjusted to 
Fig. 1, was used in France,* but the C.I.S.P.R. methods 
are now followed. 

* H. Subra: Annales des Posies, TiUgraphes, et T^Uphones, 1935, vol. 24, 
p. 36S. 


in tests on domestic items. In any case, the ratio of 
unsuppressed to suppressed levels is less affected by the 
carrier than absolute values, so that earlier work on such 
ratios by the third method remains substantially valid. 

The importance of polarization in interference measure¬ 
ments is mainly confined to frequencies above 20 Me., 
where also regard must be paid to refiection, wave-front 













RADIO RECEPTION 


351 


distortion, etc. A reasonable degree of consistency has 
been obtained with the E.R.A. receiver by orienting the 
frame to give the maximum reading and by taking a mean 
for several points in the neighbourliood of the test posi- 


f or 1 mile. Fig. 6 shows the variation, with distance 
from the track, of the field strength of the interference 
caused by a vehicle passing opposite the test point. In 
the tests shown in Fig. 7 the interference did not vary 


Table 2 


Type of iaterference 

Tolerable signal/noise ratio, db. 

Remarks 

Sound 

Vision 

Valve electrotherapy apparatus 
(unsmoothed a.c.) i 

40 

16-17 

The h.f. band-widths of the receivers employed 
were 60 kc. for the sound transmission and 
4 Me. for the vision transmission. 

Ratio of interfering field by frame aerial to 
value by dipole aerial was 4-0*6db. at 
41*5 Me. and — 2*5 db. at 45 Me. 

Ignition systems . . 

30-43 

21-24 

Contactors . . - . .... 

34 

33 


tion. The signal/noise ratio has been found in tests on 
various types of interference to be the same for a vertical- 
dipole as for a frame aerial. Table 2 gives the results of 
some subjective tests carried out on the B.B.C, television 
service. 

(2) SOURCES OF INTERFERENCE 
(a) Radiated Interference 
(i) Trolley-buses, 

Although included for convenience in the present 
Section, the interference arising from the operation of a 
trolley-bus is mainly radiated from the overhead contact 


greatly with frequency, but differences in this respect are 
encountered in different systems. The sources of inter¬ 
ference on a trolley-bus are the collectors, the main con¬ 
tactors supplying and controlling the motors, the relay 
circuits controlled by the driver which operate the con¬ 
tactors, the driving motor, the brake (exhauster or com¬ 
pressor) motor, and the motor-generator (ff present) for 
lighting. It is desirable also to distinguish between rheo¬ 
static braking, where the motors during deceleration are 
disconnected from the supply and (fissipate the brake 
energy in a rheostat, and regenerative braking, where 
energy is fed back into the line. Some receiit types of 


j5 



wires along which the disturbances are propagated. The 
direct radiation from the vehicle itself is rapidly attenu¬ 
ated with distance and is usually less than l^A^^ 
metre beyond about 20 yards. The radiation from e 
overhead system extends along the wires for a consider¬ 
able distance, sometimes along the whole system, and may 
exceed 10 juV per metre at distances from the track up to 


trolley-bus combine the two forms, rheostatic braking 
being employed at low speeds. The interference from 
trolley-buses is assessed on a field-strength basis and is 
usually referred either to the maximum recurrent dis¬ 
turbances observed at a distance of 10 yd. from the 
track, or to observations made underneath the contact 
wires, at a distance of 40 ft. from the vehicle. Table 3 
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shows values observed under different conditions for the 
various sources of interference. 

It is observed that, although important where clinch 
ears are used and for severe conditions such as turning 
circles, section points, crossings, scaled or ice-coated 
contact wires, etc., the collector noise has been con¬ 
siderably reduced by the use of lubrication and grooved 


by distance (which, for this purpose, should exceed about 
J mile) or by the application of suppressors. 

In order to give an impression of the relative frequency 
of disturbances of different intensity. Fig. 8 shows an 
analysis of the distribution of clicks of varying intensity 
for the representative conditions of a single vehicle on 
a given route and also of fairly frequent services. 


Table 3 


Level of Interference from Various Items of a Trolley-Bus Equipment, in db. above 1 [XV per metre 


Frequency 

(kc.) 

Type of braking 

Collectors 

Con¬ 

tactors 

Main 

contactors 

Main 

motor 

Brake 

motor 

Lighting 

generator 

Distance (yd.) 


300 

Rheostatic 

73# 

73 

63 

51 

43 


5 

Company A, 

1 200 

Rheostatic 

75# 

71 


55 

47 


5 

test track at 

300 

Regenerative 

77# 

73 


55 

43 


5 

Town A, line 

1 200 

Regenerative 

73# 

74 


55 

' 60 


5 

- in oxidized 










and scaled 
condition 

1 000 

Rheostatic 

62t 

53 


23 

5 


Under lines 

Town B 



63t 

54 


42 

i 

30 


3 ft. from bus 

i 

900 

Regenerative 


73 


46 



Under lines 

i 

Town C 

200 


82 


54 



12 yd. from bus 


900 

Regenerative 


103 


I 

48 



12 yd. from bus 

Town D 

200 

i 


75 


72 



12 yd. from bus 


900 

Regenerative and 



1 




Under lines 

Town E 


rheostatic 







12 yd. from bus 


200 






1 


i 

• 


900 

Regenerative and 


84 

* 

53 

i 


do. 



rheostatic 









200 



78 

1 

50 





1 000 

Regenerative and 


74 

< 36 

38 



do. 

Town F 


rheostatic 









200 



72 

< 36 

40 





1 000 



76 


42 

12 


do. 

I'own G 

200 



72 


45 

24 




1000 



86 

Negligible 

18 

25 

16 ! 

do. 

XX 

JlI 

200 



84 

< 24 

54 

45 

42 

do. 

Depot 


* Wheel collectors. t Clinch ears and skid collectors. 


wires, skid collectors, spring holding devices, and carbon 
brushes, so that the more frequent and severe inter¬ 
ference is due to the operation of contactors and their 
relay circuits. Motor noise is usually important in 
special and less frequent circumstances. The noise 
mainly associated with trolley-buses is therefore of the 
“ click type, which is not intolerable unless repeated 
with sufficient frequency. The interference therefore 
depends upon the traffic density, but it is not usually 
possible to take this into account until the nuinber of 
audible clicks ” has been considerably reduced, either 
VoL. 83. 


(ii) High-voltage overhead transmission lines. 

The interference arising from high-voltage overhead 
electric power transmission lines has not been brought so 
prominently to the notice of the general public as that 
set up by other agencies, since the greater portion of such 
lines lie in open country remote from residences. Inter¬ 
ference nevertheless arises from such lines and may be 
conveyed by them from the point of origin to considerable 
distances and then radiated. In cases where high- 
voltage lines pass within 1~2 miles of commercial radio 
receiving stations working on long-distance services the 

23 
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interference from the lines may be sufficiently serious to point in the neighbourhood of the system is made up of 
prevent the operation of the stations. To some extent these component sources of radiation, 
this is due to the fact that such commercial stations The strength of interference from new and clean insu- 
normaliy work with a very low value of received signal lators is of a much lower order of magnitude than that 



Fi^. 9.—Noise field beneath 132-kV power line. 


and are usually placed in positions where electrical inter¬ 
ference from other sources is absent. 

The interference referred to is generated by the lines or 
by associated high-voltage switchgear, and can generally 
be traced to one of the following: arcing at contacts of 
switches, corona on lines, defective insulators causing 
corona or arcing. 

Fig. 9 shows the frequency distribution over the range 
150 kc.-20 Me. of interfering energy immediately beneath 
a 132-kV power line at a point where a crackling noise 
could be heard from an insulator. Although there was 
no visible indication, even by night, of sparking or corona, 
continuous crackles were audible 30-40 yd. from the 
pylon. A series of random square-topped impulses wonld 
have given a spectrum in which amplitude was inversely 
proportional to frequency, but the properties of the line 
would tend to modify this distribution. It will be 
noticed, however, that the curve closely approaches this 
condition at the higher frequencies. 

The observed attenuation of the interference on a 
number of selected frequencies in a direction normal to 
the power line is indicated in Fig. 10, and suggests that 
the rate of attenuation per mile decreases with distance. 
A similar result was obtained in observations of attenua¬ 
tion along the line. Fig. 11 gives the value of disturbing 
field, at a single frequency of 850 kc., beneath the line at 
various distances from the source of interference. The 
rate of attenuation decreases with distance and is much 
less in ^is direction than in directions normal to the 
line. Since the interference is radiated not only directly 
from the discharging items but also from the line which 
propagates the interference, the interfering field at any 


from insulators which have been subjected to weathering. 
For this reason the results of works tests at normal 
working voltage on insulators give little indication of 



0W4 0-006 0-01 0-02 0-04 0-06 O-J 0-2 0-3 0-4 0-6 


DISTANCE FROMLINE,MILES 

Fi^, 10,—Attenuation curves of noise field in a direction 

normal to 132-kV power line. 

the behaviour in service of a line equipped with such 
insulators. 

In regard to the works testing of insulators, observa¬ 
tions taken at the works indicated that the strength of 
the interference in the short wave band tends to increase 
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with increase of frequency. The values of interference, 
in decibels relative to 1 microvolt per metre, from a 3-unit 
string of insulators tested at 63 000 volts, measured at a 
distance of 20 yd. from the source of disturbance, were 


(iii) High-frequency apparatus. 

An obvious source of interference is apparatus which 
generates and utilizes h.f. currents, such as h.f. medical 
and surgical equipment (e.g. electrotherapy and dia- 



as follows: at a wavelength of 15m,, 14 db.; at 20 m., 
14 db.; at 30 m., 12 db.; at 40 m., 12 db.; at 60 m„ 
14 db.; at 80 m., 10 db. 

For lines equipped with similar types of suspension and 
cap-and-pin insulators the strength of the interference 
appears to be independent of the line voltage of the 
system. The effect of weather conditions on the inter¬ 
ference from a line is exemplified by Table 4, which gives 


Table 4 


Wavelength (m.) 

f 

Interference level (db. above 1 /mV per metre) 

Dry condition 

Wet condition 

15 

- 16 

2 

20 

— 12 

8 

200 

16 

, 42 

350 

20 

46 

1550 

28 

56 

2 000 

30 

58 


the values measured at a distance of 15 yd. from a 
132-kV line under wet and dry conditions respectively. 

In Germany, insulators are tested in the factory by 
observing the h.f. interfering current which flows when 
the insulator, under an appropriate applied voltage, is 
short-circuited by a condenser. This method depends 
upon the assumption that the impedance of the overhead 
line is small compared with the eflective h.f. impedance 
of the insulator when causing interference in service. 


thermy), and h.f. furnaces. The radiation becomes 
greater as the working wavelength of the apparatus is 
reduced and as the dimensions of unscreened portions of 
the circuits approach the order of magnitude of the 
w^avelength. 

The most common source of interference of this class is 
electromedical apparatus, which includes equipments of 
moderate or high power used under professional super¬ 
vision for therapy and diathermy and also the smaller 
portable equipment loiown as " violet-ray apparatus.”^ 
The fundamental difference between electrotherapy and 
diathermy is that in the former there is no conductive 
connection between the apparatus and the patient, 
energy being conveyed through the capacitance of air- 
gaps, while in the latter there is a conductive connection 
between the apparatus and the patient. In both types 
of equipment h.f. currents are generated, either in the 
form of damped waves by a simple type of spark trans¬ 
mitter circuit or by the use of thermionic valves energiz¬ 
ing an oscillatory circuit. The output h.f. voltage in 
each case is stepped up to a high value by means of a 
transformer and then applied to the patient by means of 
either one or two electrodes. 

When a single electrode is employed, as in the case of 
the small portable type of violet-ray apparatus, the 
secondary currents return via earth capacitances, and 
intense radiation at high frequencies occurs. With 
electrotherapy and diathermy apparatus, however, two 
electrodes are employed and the secondary circuit con¬ 
sists of a smaller loop than in the single-electrode case. 
In consequence the field directly radiated may not be 
quite so’severe. It is found, however, that the field 
around the apparatus, patient, and connecting leads will 
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still be sufficiently intense to interfere seriously with 
radio reception. 

The mains-bome interference from both types of plant 
will always be serious and may be propagated along the 
supply mains for several hundreds of yards. As such 
apparatus is frequently installed and used in residential 
districts, it may thus become a source of interference to 
radio listeners over a wide area. 

In general, interference set up by this t 5 rpe of plant will 
be more or less tunable and will have a maximum at the 
frequency of generation. A large proportion of the 
equipments at present in use operate on the long- and 
medium-wave broadcast bands. Some of the latest types 
of apparatus which are coming into general use in this 
country are capable, however, of interfering very seriously 
with the reception of television on ultra-short wave¬ 
lengths, and the range of this interference may be as 


small owing to the use of rectified and smoothed H.T. 
supply to the valves, the a.c. supply leads being also 
fitted with h.f. chokes. Machine (2) was supplied with raw 
alternating current and consequently the field produced 
was heavily modulated; metal panels were fiitted to the 
machine but were not bonded and had apparently little 
screening effect. The removal of the leads to the patient 
reduced the radiation by about 10 db. at a fundamental 
frequency of 42*5 Me. The variation of the field of 
fundamental frequency with distance is shown in Curve A, 
Fig. 13, while Curves B, C, and D refer to the 3rd, 4th, 
and 5th harmonics respectively, when a lower funda¬ 
mental frequency (7 *6 Me.) was used. The band width 
of the radiation on the fundamental and harmonics of 
both valve machines varied from 500 to 150 kc. when 
referred to a level 40 db. below the maximum, and 
measured with the short-wave measuring set already 



Fig. 12.—^Variation, with distance from source, of radiation field given by 30-metre 0*5-kW valve 

therapy machine. Output current, 2 A. 

A. 2nd harmonic (24 Me.). 

B. 4tli harmonic (48 Me.). 


much as 5 miles. Cases have been reported of inter¬ 
ference in this country on short wavelengths between 10 
and 100 m. From the fact that this interference had a 
pronounced 60-cycle modulation, it has been assumed 
that it was caused by electromedical apparatus in 
America. 

Particulars of the levels of interference from therapy 
and diathermy^ plant on long and medium waves are 
given in Section (3) {a) (vi). Tests have been made by the 
E.R.A. as regards ultra-short waves on the following 
therapy and diathermy plant: (1) 0-5-kV 30-m. valve 
generator, (2) 0*3-kV valve generator (30 and 6 m.), (3) 
spark machine (15 to 6 m.), (4) spark machine (300 m.). 
An artificial load consisting of a wooden block or a dish 
of solution was used, and the field strength measured by 
the short-wave receiver mounted in a van. 

The valve machines emitted radiation only at the 
fundamental and harmonic frequencies. Fig. 12 shows 
the variation with distance of the field due to the 
harmonics of Machine (1). The associated noise was 


described. The field from Machine (3) at 37 *4 Me. is 
shown in Fig, 14. With this machine the patient forms a 
part of the output tuned circuit. As opposed to valve 
machines, spark machines emit radiation over a wide 
band of frequencies. For Machines (3) and (4), Fig. 15 
shows the radiation to be distributed over the band from 
20 to 50 Me. 

It is obvious from these results that h.f. therapy 
machines of such types are capable of causing serious 
interference to television reception over a considerable 
area, on both the fundamental frequency and the 
harmonics of valve machines and over the whole band 
in the case of spark machines. 

(iv) Electric lifts. 

The equipment of a lift comprises interfering items in 
the form of the driving motor, giving continuous noises, 
and of the contactor relay and control circuits, which give 
noises of the “ click ’’ type. This equipment is often 
installed in buildings (and ships) where radio receivers 
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Fig. 13.—^Variation, with distance from source, of radiation field given by 30-6 metre 0-3-kW 

valve therapy machine. Output current, 4 A. 

A. Fundamental of 42 • 5 Me. C. 4tli harmonic of 7 -e-Mc. fundamental. 

B. 3rd harmonic of 7‘6-Mc. fundamental. D. 5th harmonic of 7*6-Mc. fundamental. 


0) 



Fig. 14,—Variation, with distance from source, of radiation field given by 6-15 metre spark 
therapy machine. Frequency 37*4 Me., output current 2 A. 
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operate in close proximity. The radiation is further 
increased by the fact that the interfering sources are 
connected or may be coupled to the trailing cable which 
connects the panel in the lift car to the main equipment. 


turbance. The main interference is due to the circuits 
controlling the operating coils of the contactors and 
switches of the driving motor and also the brake-magnet 
coil. These circuits ascend the shaft and are operated by 



Mams or local generator 
convertor or rectif/er 


and to the wiring between the gate interlocks, switches, 
etc., and the control gear and supply. Whereas the 
latter wiring is often run in steel conduits the trailing 
flexible cable is suspended between the car and the half¬ 
way box, normally without metallic protection. A 
schematic diagram is shown in Fig. 16. 

Interference may thus reach the listener’s receiver by 
way of the electric mains, if on the same system as the 
normal domestic services, or by direct radiation from the 
motor and main control gear, from wiring in the shaft or 
from the trailing cable acting as a radiating aerial. In 
addition, it sometimes occurs that the lift shaft is wholly 
or partly enclosed by a metal network, which may be 
inadequately earthed from an h.f, point of view. H.F. 
voltages may then be developed along the shaft which, 
although small, can give serious interference since the 
coupling with the listener’s aerial may be high. Tests 
made on a lift partially enclosed by wire netting yielded 
voltages of the order of 1 mV developed therein between 
the halfway level and earth. This value could be con¬ 
siderably reduced by efficient earthing of metalwork. 

The radiated motor interference is less than that due to 
the control circuits, for well-maintained motors. The 
‘'motor noise ” is negligible for lifts operated on motor- 
generator systems, while for d.c. motors with direct 
supply the noise is generally at least 10 db. below the level 
of other disturbances, except where faulty commuta¬ 
tion or other defects cause a high interference value. 
Auxiliary motors for automatic gate-closing must also be 
considered, but follow the same principles as for other 
small motors. Control circuits energized with alternating 
current, as in some modem types of lift, cause little dis¬ 


band or automatically in the car or at the gates. They 
are most troublesome when supplied direct from the mains, 
being then usually highly inductive. In some older tjqDes 
of lift, the manual control circuits carry the holding, 
closing, or tripping currents and are then a source of 



Fig. 17.—^Variation of interference with distance from 

. centre line of lift shaft. 


severe interference. In general, all the circuits for re¬ 
mote control, particularly those which enter the trailing 
cable, form systems which give an h.f. radiation, deter¬ 
mined by the inductance of the coils and the self-capaci¬ 
tance of the circuit involved. 

The brake-magnet coil is also a radiating source, 
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although its current is confined to the main installation. 
The other heavy-current circuits such as those associated 
with the motor do not usually radiate much interference 
on closing or interruption. Tests in which these circuits 


and in view of the multitude of switching contacts con¬ 
cerned it is usually more economical to filter all circuits 
leaving the exchange building than to apply filters to all 
sources of interference within the building. Table 6 gives 


Table 5 


Unsuppressed Level of Radiated Interference from Electric Lifts 


Lift 

No. 

Type of car contro 

Control-circuit supply 

Distance of 
test position 
from trailing 
cables (ft.) 

Average interference level 
(db. above 1 fxV per metre) 



900 kc. 

i 

1000 kc. 

190 kc. 

180 kc. 

1 

Hand-driven controller, direct control 

D.C. 

10 

77-65 

— 

— 

62-53 

2 

Push-button remote control 

D.C. 

10 

45 

■.. 

■ . 

30 

3 

Push-button remote control 

A.C. supply, a.c.-d.c. 
motor-generator 

10 

28 

i 

30 

1 

40 

4; 

Hand-driven controller 

D.C. 

10 

—- 

39 


5 

Push button ., 

D.C. 

10 

— 

37 

34 


6 

Push button .. 

A.C. supply rectified 
by mercury - arc 
rectifier 

9 

10 


44 

Ji 

52 



were manually operated showed that their efiect might 
be neglected in comparison with that of the control 
circuits, at least at distances greater than about 10-20 ft. 
from the main installation. 

Table 5 shows values of the field due to some repre¬ 
sentative types of lift. Some figures indicating the 
rapidity of attenuation with distance from the lift are 
given in Fig. 17. The variation of interference with 
frequency is not marked. 

(v) Telecornmimicatioii apparatus. 

Telecommunication apparatus can, in certain circum¬ 
stances, give rise to radio interference. In the case of 
automatic telephone plant the interference may be caused 
by plant at the exchange or at the subscriber’s premises. 
In the exchange the numerous relays and selectors con¬ 
stitute a source of interference, although this is greatly 


the interference from a small exchange measured at a 
point 15 yd. from the exchange building. 

The fitting of filters at the exchange building does not 
eliminate the interference produced by the subscriber s 
own dial. This interference, however, is only likely to 
affect receivers in the immediate vicinity of the sub¬ 
scriber’s instrument and line. It can readily be elimi¬ 
nated where troublesome by fitting a dial suppressor. 

Machine telegraph apparatus is also a potential source 
of interference, but the number of cases where such 
interference is troublesome is relatively small as the 
apparatus and circuits are not normally present in areas 
where broadcast reception is prevalent. Moreover, apart 
from direct radiation, which is of comparatively short 
range, the trouble is usually caused by radiation from 
overhead lines, which are rarely employed in areas where 
machine telegraphs are installed. The chief difficulty 


Table 6 


-^ 

Signal (db. above 

1 ixY per metre) 

Noise (db. above 1 /xV per metre) 

Signal/noise ratio (db.) 

Frequency (kc.) 

Before suppression 

After suppression 

Before suppression 

After suppression 

I 

j 

877 (London Regional) . . 

34 

42 

- 8 

- 8 

+ 42 

200 (Droitwich) .. 

63 

23 

~j— 2 

+ 40 

+ 61 


reduced by the present practice of fitting spark-quench 
circuits to apparatus for the preservation of contacts. 
When underground distribution is employed, little or no 
interference occurs except in the immediate vicinity of 
the exchange building and this can generally be relieved 
by re-positioning the listener’s aerial. Where overhead 
distribution is used the interference can be troublesome. 


arises with such equipment when it is installed inside a 
radio-telegraph receiving station handling long-range 
traffic. Here the interference can be sufficiently great in 
relation to the average signals to embarrass the service. 

(vi) Ignition systems. 

Although installations such as oil-burning furnaces 
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comprise ignition systems wMch may give rise to appre¬ 
ciable interference, the motor-car is so eminently the most 
widespread example that it deserves special study. Both 
the low-voltage equipment and the high-voltage circuits 
form radiating systems. 


discharge of the coil or magneto. The effective induc¬ 
tance of the latter with the self-capacitance of the circuit 
gives an oscillation spectrum, similar to a circuit with 
distributed constants subject to shock excitation. From 
the interference point of view, the higher frequencies, 


Vi 





0 0“5 I’O VS 2*0 

sea 

Fig, 18;—Oscillatory spark currents. 

In the latter, the circuit formed by the plug, plug lead, 
distributor, coil or magneto, and chassis, is excited by the 
discharge at the plug and the spark at the distributor (if 
a jump-spark distributor is used), giving rise to a train 
of very high-frequency damped waves repeated at each 
discharge, as shown in Fig. 18.’*' The current may attain 
instantaneous values of the order of 100 amp. If 
resistance is present, as when a suppressor is inserted 
at the plug (see Fig. 19*), the current transient becomes 
non-oscillatory and of very steep wave-front, but the 
crest value is very much reduced. These rapid transients 


a- 

(1; 

. : 



0 • ■ , 0*5 ; VO vs io 

Time^mju sea 


Fig. 19.—Non-oscillatory spark currents (10 000 n 

resistor in plug lead.) 

particularly the range 10-80 Me., are more important, 
since the radiation is more intense and the services 
envisaged for this band are of lower field-strength. At 
these frequencies it appears that the alternating com¬ 
ponents of the initial disturbance are radiated from 
the distributor and plug leads, which act as aerials. 
The^ audio-frequency response thereby produced in a 
receiver is a series of impulses of which the time of 
passage is of the order of 3 millisec., which is much 
less than the interval between successive impulses, this 
interval being that between successive sparks. 


<u 



Fig. 


20.—Frequency variation of average peak field-strength of interference 

Values obtained on Western Avenue. 


from automobiles. 


are succeeded by oscillations of longer period. The 
radiation extends over a wide frequency-range. The 
lower frequencies, covering the lower-frequency broad¬ 
cast bands, appear to be determined by the inductive 


^ ♦ Oscillograms obtained by W. Nethercot, of the E.R.A 
air at normal temperatures and pressures. ’’’ 


on discharges in 


Fig. 20 shows the variation of interference with fre¬ 
quency observed near an arterial road, and Fig. 22 shows 
the attenuation with distance. The order of levels 
observed and their relatively slow attenuation with 
distance indicate that motor-cars must be regarded as 
important potential interfering sources. Fig. 21 shows 
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the results of tests on a number of automobiles at a 
standard distance of 10 yd. (ground level) and a standard 
speed of 30 m.p.h. For a level of SOjitV per metre 
(provisionally adopted) no correction is usually required 





Fig, 21.—Interference due to automobiles. 

—~— - Private cars. 

-Commercial vehicles. 


at 13 Me. and only about 15 db. at 45 Me. All the 
systems considered later are capable of giving suppres¬ 
sion of this order, so that automobiles suppressed for 
receivers mounted thereon will also be suppressed as 
regards external receivers. It is common in modem 
cars to mount the coil on the bodywork, and this prac¬ 
tice gives a long distributor lead. Recent E.R.A. tests 


in some cases to avoid the necessity for the use of actual 
suppressors. 

The lower-frequency radiation from the high-voltage 
circuits and the radiation from the low-voltage equipment 
is mainly of importance with respect to receivers in the 
vehicle. As regards the low-voltage equipment, it may 
be mentioned that auxiliaries such as voltage regulators 
and windscreen wipers are frequently the most severe 
sources of disturbance. The disturbance is radiated from 
the car wiring as a whole and, though intense in its 
immediate neighbourhood, is rapidly attenuated with 
distance. 

(b) Re-radiated Interference 
(i) Domestic items. 

The increasing use of electrical appliances for domestic 
purposes has brought the question of interference pro¬ 
minently to the notice of the large mass of the general 
public, as the source of interference is in their own homes 
or in adjacent premises and the disturbance from this 
class of plant is concerned almost solely with reception of 
broadcast programmes. The sources of interference can 
be divided broadly into two groups, namely motors and 
switching devices. Some types of equipment contain 
both sources of interference, e.g. electric refrigerators 
using commutator motors. The normal path of inter¬ 
ference is from the interfering item via the supply mains 
to the vicinity pf the receiving aerial, whence it is radiated 
from unscreened portions of the wiring and picked up by 
the aerial-earth circuit of the receiver. The amount of 
interference created by such devices will depend on the 
interference voltage set up by the appliance, the internal 
impedance of the appliance to the h.f. disturbance, and 
the attenuation in the path between the device and 
the receiving antenna. The interfering device can be 


(D 



Fi6 22.—^Variation of average peak field-strength of interference from automobiles, with distance from road. 
® Values obtained on Western Avenue. 

A, Frequency = 48 Me. 

B. Frequency = 46*5 Me. 

C. Frequency » 36*0 Me. 

D, Frequency =» 21*0 Me. 


have shown that if the coil is suitably mounted on -^e 
engine so as to reduce the dimensions of the radiating 
circuit and confine it to the engine, the interference 
levels just quoted may be reduced by 8-21 db. By re¬ 
design of the layout on this and similar bases it is possible 


regarded as a radio-frequency generator with a definite 
internal impedance supplying energy to the mains. 

Owing to the fact that some countries already had 
legislation requiring the suppression of interference in 
such devices, it became necessary to attempt to secure 



362 


GILL AND WHITEHEAD: ELECTRICAL INTERFERENCE WITH 


international agreement as to the value of noise voltage 
which could be tolerated in such plant. With this object 
in view the I.E.C. appointed in 1934 a Special Inter¬ 
national Committee onElectrical Interference (C.I.S.P.R.) 
to study the subject. In connection with the work of this 
Committee a number of measurements have been made 
in this country of the interference voltage generated by 
domestic and other low-power appliances. Measure¬ 
ments have also been made of the effective heights of 
listeners’ aerials, the coupling between the receiving 
aerial and the mains, and the impedance of the latter. 

For the purpose of the measurements the effective 
height of an aerial was defined as the ratio between the 
e.m.f. measured on open circuit across the aerial and earth 
terminals of the receiver in its usual situation and the 
value of e.m.f. which would be obtained with an aerial 
of an effective height of 1 m. placed in a free position 
outside the listener’s premises. 

The coupling between the receiving aerial and the inter¬ 
fering item was determined by the application of a 
sinusoidal h.f. voltage of known value S3n3imetrically and 
asymmetrically between the mains terminals of the inter¬ 
fering apparatus, and between these terminals and earth, 
by means of a portable calibrated generator substituted 
for the machine or apparatus, and the measurement of 
the open-circuit e.m.f. induced between the aerial and 
earth terminals of the receiver. It was also decided to 
adopt a value of the order of 3 volt for the voltage applied 
to the mains, in order to reduce errors which might be 
caused by the presence of other noises. 

The British measurements were carried out by the 
G.P.O. and weade made at the houses of 214 listeners. Of 
the premises visited, 40 % were those of members of the 
staff of the Post Office Engineering Department at 
Rugby, Baldock, St. Albans, and N.W. London, 5 % 
were those of officers of the B.B.C., 20 % were those of 
members of the general public who had complained of 
electrical interference with broadcast reception, and the 
remainder were those of members of the general public 
who agreed to measurements being made on being told 
of the nature of the experiments. Such members were 
selected at random from districts which were as far as 
possible uniformly distributed over London. Post Office 
field-strength measuring sets of the type shown in Fig. 2 
were utilized for measuring the voltage developed be¬ 
tween the earth and aerial terminals at the hstener’s 
premises by the insertion of a high resistance in series 
with the normal aerial input connection of the measuring 
set to increase the input impedance of the set; the e.m.f. 
to be measured being apphed between the remote end of 
the resistance and the casing of the set. Sets modified 
in this manner have been found convenient for the 
measurement of the effective height of receiving aerials, 
the set being used first as a voltmeter for measuring the 
voltage induced in the antenna by a broadcast transmis¬ 
sion and then as a field-strength measuring set. The 
ratio of the signal thus measured, in microvolts (open 
circuit), to the field strength of the radiation in free 
space near the antenna, in microvolts per metre, gives 
the equivalent effective height in metres. The measure¬ 
ments were made on frequencies of 200, 876, and 1 150 kc. 

A summary of the data obtained regarding effective 
heights of aerials is given in Fig. 23. The probable 


accuracy of the measurements is estimated as d: 2 db. 
(approximately ± 20 %). It was found during the tests 
that the proportion of listeners using outdoor aerials was 
70 %. Analysis of data curves of the effective heights 



Fig. 23.—Frequency curves of the effective heights of aerials 

on various wavelengths. 

-261 m. 

- 342 m. 

—---- 1 500 m. 


of the aerials of the Hsteners who had complained of 
interference disclosed that these curves did not differ 
appreciably from those of Fig. 23 for the total number 
of aerials. Separate curves were also made of the effec¬ 
tive heights for indoor and outdoor aerials on the three 
frequencies. As a rough generalization, it can be stated 
that the effective heights of outdoor aerials were of the 
order of 3 times the effective heights of indoor aerials. 

The coupling between the mains and the aerial, 
expressed as attenuation for symmetrical and asym- 



Fig. 24 .—^Transmission characteristics of domestic mains on 
various wavelengths for the symmetrical condition. 

—- 250 m. 

— — «... 450 m. 

-1600 m. 

metrical conditions, is given in Figs. 24 and 25. It is 
interesting to note that no relationship was apparent 
between effective height and coupling. 

Interference can be propagated along the supply mains 
either as a difference of potential between the two con¬ 
ductors themselves or as a difference of potential between 
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the mean potential of the conductors and earth. As pre¬ 
viously mentioned, the former path is generally referred 
to as the symmetrical path and the latter as the asym¬ 
metrical path. Owing to mutual cancellation of efiects 
the radiation due to currents flowing in the symmetrical 
path is generally much less than the radiation from 
currents flowing in the asymmetrical path. The impe- 



250 m. 
450 m. 

1 600 m. 


earth. For measurement of the syi^etrical component 
the measuring instrument is applied across the resis¬ 
tance network of 200 ohms shunted by 600 ohms, while 
for measurement of the as 3 mmetrical component the 
200-ohm resistance is short-circuited and the two 
300-ohm branches connected in parallel between the 
mains and earth. Thus in each case the interference 
path is terminated by a resistance of 150 ohms. Recently 
it has been provisionally agreed to measure the asym¬ 
metrical component between the mid-point of the 
200-ohm resistor and earth, avoiding the short-circuit 
between the mains terminals. The test results are 
usually the same with either method. The two chokes 
prevent any interference voltage present from the mains 
being introduced into the measuring set. In the U.S.A. 
a value of 600 ohms has been adopted for the e( 3 ,uivalent 
mains impedance. 

The impedance of the supply main was found to vary 
over wide limits. In general it can be said that the 
impedance will be between 30 and 300 ohms for the 
symmetrical condition and between 100 and 1 000 ohms 
for the asymmetrical condition, for frequencies of 700 to 
1 200 kc., and from 15 to 150 ohms and from 30 to 
200 ohms respectively for the two conditions at a fre¬ 
quency of 200 kc. The value of 150 ohms is arbitrary, 
but a standard is essential since the interfering voltage 
varies to some extent proportionately to the mains 
impedance. 

With regard to the noise voltage fiom interfering items 
measurements have been made, at the time of writing, on 
352 electrical appliances of various kinds, as follows:— 


dance of the mains was measured for both the synimetrical 
and the asymmetrical condition by applying a sinusoidal 
hi. voltage through a calibrated variable capacitance to 
the unknown impedance. The impedance could then be 
determined from a knowledge of the variable capacitance, 
the frequency and voltage of the oscillator, and the 
voltages across the variable capacitance and across the 
unknown impedance. 

The measurement of the interference from machines 
necessitates the use of a mains network to ensure that the 
appropriate voltage is selected for measurement and 
that other noises propagated along the mains are not 
included in the measurement. A suitable foim of mains 
impedance network, shown in Fig. 26, provides for the 
impedance of the mains to be balanced with respect to 


[a) Domestic appliances [up to 500 watts) 

Bells 

Dusters (hand) .. 

Fans 

Floor polishers .. 

Heating pads .. . - • * ■ • • • 

Lamps .. .. • « 

Mixer (juice extractor). . 

Gramophone motor 
Refrigerators ,. 

Sewing machines 
Vacuum cleaners 
Violet-ray apparatus . . 

Washing machines 
Water heater .. 



No. 

6 

2 

34 

5 

1 

2 

3 
2 

17 

8 

43 

4 
3 
3 
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(b) Non-domestic appliances [up to 500 watts) 


Adding macliines .. .. . . .. .. 3 

Coffee grinders .. .. .. . . .. .. 2 

Dental apparatus .. . . . . .. .. 12 

Diatliermy apparatus .. .. . . . . .. 2 

Flashing signs .. .. .. . . .. .. 4 

Furnace (electric) .. .. . . .. .. l 

Hair clippers .. .. .. . . .. .. 6 

Hair cutters .. .. . . . . .. .. l 

Hair dryers .. .. . . . . .. .. 20 

Meters (clock, etc.) .. .. . . . . .. 2 

Motors .. .. .. . . . . . . .. 38 

Neon signs .. .. . . . , .. .. 6 

R^^ctifiers .. .. .. . . .. .. 1 ' 

Rotary convertors .. .. . , .. .. 4 

Thermostats .. .. .. .. ., _ 3 

Tools (portable electric) .. . . .. .. 85 

Traffic signals .. .. .. .. .. .. 2 

Turntable (motor display) .. . . .. .. 2 

Valve rectifiers .. .. .. . . .. .. 2 

Vibrators .. .. .. . . .. .. 6 


mercury-arc rectifier or rotary convertor is used for local 
supply, the mains noise of the installation is that appro¬ 
priate to such items, which are considered separately 
elsewhere. 

The h.f. impedance of a lift installation is indeterminate 
for noise of the click type. For motor noise the values 
correspond to those for large motors. Tests on Lift (ii) 
(Table 8) gave 60 and 130 ohms (inductive) on the long 
and medium wave-bands respectively. 

(iii) Neon signs, traffic lights, etc. 

The interference from neon signs may be either directly 
radiated or mains-bome. In these signs the current 
flows only during a short period of each cycle, as the 
ignition voltages and extinction voltages are high. In 
consequence the current wave is very peaky and con¬ 
siderable interference is generated. Some of the larger 
types of sign cover an extensive area and produce appre¬ 
ciable radiation. The disturbance caused by the radiated 
field is usually less than that due to mains-bome inter¬ 
ference, and it is possible to adopt a remedy which is 


Table 7 


Level of unsuppressed interference* (db. above 1 /xV) 


Category 

Maximum 

Mean 

At 190 kc. 

At 1 000 kc. 

.. . 

At 190 kc. 

At 1 000 kc. 

S 

A 

S 

A 

S 

A 

S 

A 

Category A (up to 500 W) 

m 




■ 




(i) Domestic appliances, frame earthed 


103 

92 

95 


63 

67 

61 

(ii) Non-domestic, frame unearthed.. 


90 

96 

81*5 


50 

70 

50 

(iii) Non-domestic, frame earthed 

H 

116 

102 

97 

B 

76 

66 

68 

Category B (500 W to 10 kW) . . 

122 

115 

4 

121 

116 

88 

,82 

t—i 

00 

75 


* S — symmetrical, A =* asymmetrical. 


(c) All types of machines, 500 W-Z kW 


Dust-precipitation plant . . , . ., .. 1 

Furnaces (electrical) .. . . . . . . .. 2 

Motors .. . . . . .. .. . . .. 6 

Ovens .. . . .. .. .. . . .. 3 

Starting panel . . .. . . .. . . .. 1 

Welders. .. 4 


The magnitude of the unsuppressed interference from 
these appliances was as shown in Table 7. 

(H) Electric lifts. 

The interference from the sources, already enumerated 
in Section (2) (a) (iv), which may be comprised in a lift 
installation, appears also as interfering voltages at the 
supply terminals, which, as regards origin, t 3 qpe, and 
frequency spectrum, are similar to the interference fields 
already described. Table 8 shows figures obtained with 
some representative types of installation. When a 


effective in both cases. Single-contact signs and 
multiple-contact signs produce interference of which the 
major portion is usually mains-bome. The interference 
from traffic lights is wholly mains-bome, as the metallic 
screening of all equipment in these appliances prevents 
radiation. The spectmm of interference from such plant 
is, as might be anticipated, similar to the general spectmm 
from spark discharge such as is shown in Fig. 9 referring 
to interference from overhead lines. As might be 
expected, the intensity tends to increase as the frequency 
of measurement is decreased, up to and beyond the limits 
of broadcast reception. 

(iv) Converting and generating plant 
The interference on the supply side due to motor- 
generators is that appropriate to large motors, which is 
normally small, although minor defects in commutation 
may cause abnormal interference. The same applies 
largely to the output side and to large rotary convertors 
and balancers, the interference from which is generally 
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of the order of 1 or 2 millivolts except in abnormal 
instances. 

Mercury-arc rectifiers form a recent development whicli 
has received special consideration, since they are fre¬ 
quently installed for local use during change-over from 


made either with the rectifier connected as in actual use, 
or with an h.f. impedance of 160 ohms, or the open-circuit 
h.f. voltage is measured. The latter is the highest voltage 
which normally occurs, and, if the internal impedance is 
known, the voltage across a known load may be com- 


Table 8 


Interference Voltages at Mains Terminals of Lifts 



Level of loudest interference (db. above 1 fjN) across 160 ohms 

Type of lift 

Symmetrical 

Asymmetrical 


900 kc. 

180 kc. 

900 kc. 

180 kc. 

(i) Hand controller, d.c. operation (driving motor at bottom of shaft) 

90 

90 

90 

98 {“!-) 

68 

68 

’ 



88 (-) 

62 

(ii) Similax to (i), but driving motor at top of shaft 

92 

98 

-— 

80 

64 

(iii) Similar to (ii) 


871 

94* 

96t 

(iv) Push-button type, d.c. operation (driving motor at top of shaft) 


84t 

81* 

85t 

(v) Similar to (iv) 

82 

84 

81 

86 

(vi) Push-button type, a.c./d.c. operation, motor-generator supply 

40-50 

42-66 

40-50 

42-56 


* G P O tests a,t 1.000 k.c. 1" G.P.O. tests a.t 190 kc. 

Plus sign (+) indicates positive main to earth., minus sign (—) indicates negative main to earth. 


d.c. to a.c. supply as well as for distribution and traction. 
Normally either one pole is earthed or the rectifier feeds 
the outers of a 3-wire system, the neutral wire being 
earthed and supplied from a balancer. It is then found 
that a condenser connected between lines reduces the 


puted. Fig. 21 [a) shows the relation between the 
" maximum voltage, the open-circuit voltage, and the 
short-circuit current, for one of the rectifiers tested. 
The maximum ** voltage is that obtained when the h.f. 
load resonates with the rectifier. 


Table 9 


* 

Effect of Grid Control on Interference from Mercury-Arc Rectifiers 


Degree of grid control* .. 

0-1 

0-5 

■V 

0-7 

0-8 

0-9 

1-0 

Rectifier 





61 

50 

37 

Glass bulbs, 2/200 kW 

Asymmetrical voltage (db. above 

115 

115 

112 

107 

101 

92 

Glass bulbs, 20 kW 

1 jaV) at 200 kc. 

92 

92 

92 



Steel tank, 500 kW 





45 

40 

15 

Glass bulb, 100 kW 

Asymmetrical voltage (db. above 

100 

97 

94 

92 

90 

87 

Glass bulb, 20 kW 

1 ju,V) at 1 000 kc. 

75 

71 

72 



Steel tank, 500 kW 


* Ratio of output voltage with grid control to output voltage without grid control. 


interfering voltage between either line and earth, 
and accordingly it is desirable to measure the asym¬ 
metric voltage between each pole and earth separately. 
Similarly, the impedance of the system supplied exercises 
an important influence. Measurements are therefore 


The interference is continuously distributed over the 
broadcast bands. With the steel-tank t57pe, the h.f. 
voltage is usually onjy of importance in the long wave 
band, since the voltage decreases rapidly between 160 and 
300 kc., being fairly constant for higher frequencies 
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[Fig. 27(5)]. The glass-bulb type may show an increase 
of interference with frequency at lower frequencies, but 
when it is connected to a load of low h.f. impedance, e.g. 
a cable distribution network, the higher frequencies are 
attenuated and the interference tends to follow a varia¬ 
tion similar to that for steel-tank rectifiers. In such 


occurs as the grid-control ratio varies from 1 to 0-8 (see 
Table 9); a higher degree of grid control does not give 
much further increase in interference. 

The h.f. impedance of a glass-bulb rectifier is usually 
greater than 100 ohms and may be 400 ohms, whereas 
the impedance of the steel-tank t 5 rpe rarely exceeds 




Fig. 27.—Interference from mercury-arc rectifiers. 


(a) Maximum and open-circuit voltages and short-circuit current, for glass- 
bulb grid-controlled 6 -phase 20-kW rectifier. 

- 0 - (g, —Open-circuit voltage, grid-control ratio 0*7. 

-g- □ — Open-circuit voltage, grid-control ratio 0*97. 

- Q -- Q — Balanced voltage, grid-control ratio 0»7. 

I - ^ ^ — Open-circuit voltage, grid-control ratio 0*97. 

-^-- < 3 > — Short-circuit current, grid-control ratio 0'7, 

circumstances, the h.f. voltage across the feeders due to 
a non-grid rectifier does not exceed about 10 mV in the 
long wsLve band and about 1 mV in the medium wave 
band. Provided the rectifier is stable the magnitude of ’ 
the load supplied has only a minor effect. The use of 
grid-control, however, causes an increase in interference 
as the degree of control is increased. Most of the increase 


( 6 ) Variation of interference with frequency. , , • 

_<$>-< 3 > — Asymmetrical (lines bonded), system load impe¬ 
dance, 4 glass bulbs (800 kW), grid-control ratio 0-89. , ^ . 

- 0 - 0 — Asymmetrical (lines bonded), load impedance 

160 O, 2/3 phase, glass-bulb 5-kW rectifier without grid control, 

- Q - Q — Positive line to earth, 160 n impedance, 300-kW 

steel-tank rectifier without grid control. , 

_ 0 -— 0 — Asymmetrical (lines bonded), load impedance 

150 a , 500 -kwsteel-tank rectifier, grid-control ratio 0 - 73 . _ y 

- ^ ^ — Asymmetrical (lines bonded), load impedance 

150 O, 4 glass bulbs (270 kW), without grid control. 

50 ohms. Accordingly, the reduction in interference due 
to a load of low h.f. impedance is greater in the former 
than in the latter case. This refers mainly to cable dis¬ 
tribution networks where the h.f. impedance may be 
about 10 ohms. Where a small rectifier gives a local 

* The audio-frequency disturbance, i.e. the telephone harmonic factor, varies 
in a similar manner. 
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supply, the load impedance may be taken as of the order 
of 150 ohms, as for domestic items, and so the reduction 
in interference is not great. 

Small rectifiers may be supplied from the domestic a.c. 
mains, and then the interference on the a.c. side must be 
considered. It is usually much less (one-tenth to one- 
third) than on the d.c. side, and appears largely inde¬ 
pendent of the conditions on the d.c. side. 

(3) METHODS OF SUPPRESSION 

At the present time there is in this country no legis¬ 
lation protecting the licensed listener against radio 
interference, and a member of the general public who 
finds his reception interfered with or possibly spoilt has 
no redress apart, possibly, front applying in the High 
Court for an injunction for abatement of nuisance. The 
Postmaster-General, so far as his own commercial services 
are concerned, is in a somewhat better position, as he 
receives protection under tlie Telegraph and other Acts 
against interference with his services by power lines. 
As the commercial receiving stations are normally located 
well away from industrial or residential areas, many of 
the ordinary sources of interference are rarely trouble¬ 
some and new overhead power lines are one of the few 
likely sources of interference. 

In a number of other European countries legislation 
has been enacted with the object of protecting the 
broadcast listener from excessive and unnecessary inter¬ 
ference with reception. This state of affairs is of 
considerable importance to British manufacturers of 
electrical appliances as, unless their goods are adequately 
suppressed as regards electrical interference, they may 
be refused entry into foreign countries. Moreover, 
foreign interference-free goods from countries with legis¬ 
lation may enter the British market and compete 
successfully with the unsuppressed goods of the British 
manufacturers. The question naturally arises whether 
it is essential, for the prevention of interference, to apply 
the remedy to the source of interference, or whether it 
is possible to modify the wireless receiver and aerial in 
such a manner that the interference is not received. 

It is undoubtedly possible in many cases of interference 
to effect considerable relief by taking adequate measures 
at the receiving point. There remains, however, the 
larger proportion of cases where the interference is 
actually present as an electromagnetic wave of a fre¬ 
quency identical with that of the desired signal and for 
which no modification at the receiver can produce 
alleviation. 

The Post Office has during recent years provided a 
free service to broadcast listeners for the purpose of 
dealing with cases of interference with broadcast recep¬ 
tion. Where it is possible by modifications to the 
receiver or to the aerial system to avoid the interference, 
the listener is given advice accordingly. "^Affiere, how¬ 
ever, no alleviation can be obtained in this way the 
source of interference is traced and, with the permission 
of the person owning the plant, the simplest and most 
economical method of suppressing the interference is 
ascertained. The owner is then persuaded, if possible, 
to adopt the remedy. It says a good deal for the pubhc- 
spiritedness of electrical-plant owners in general that m 


the vast majority of cases very httle persuasion is 
necessary to induce them to adopt suitable remedies. 

A vast amount of work and annoyance would be saved, 
however, if some scheme of suppressing at least the 
• smaller items of electrical plant at the manufacturers’ 
works were adopted. The bulk suppression of inter¬ 
ference in equipment, involves, however, a number of 
important considerations and requires some degree of 
international agreement, as otherwise plant which is 
suppressed sufficiently to meet the requirements of one 
country will not meet the requirements of some other 
country. It would be a great advance, therefore, if 
international agreement could be obtained as to a value 
admissible for the interfering noise voltage of an electrical 
machine or appliance when measured at the factory. 

This value of admissible noise will depend on: (i) The 
h.f. field of the transmission to be protected- (ii) The 
degree of modulation of the transmission, (iii) The 
tolerable l.f. signal/noise ratio, (iv) The effective height 
of the listener’s aerial, (v) The coupling between the 
receiving aerial and the interfering item: In regard to 
(i) and (ii), it is obvious that in the presence of a strong 
well-modulated signal from the desired transmission a 
given level of interference will produce far less annoyance 
than in the presence of a weak or poorly modulated 
signal. The transmission of music requires a wide range 
of modulation depths, which cannot, in general, be 
increased. 

In connection with the work of the C.I.S.P.R. it has 
been agreed to consider the average field to be protected 
as being of the value of 1 mV per metre modulated 
at 80 %. Regarding the tolerable l.f. signal/noise ratio, 
it has already been mentioned in Section 1 (^3^) that as the 
result of tests by the C.I.S.P.R. the limiting value of 
this ratio has been found to be 40 db. when referred to 
the level of wanted signal at maximum modulation. ^ 

The fixing of an admissible value of noise is essential^ 
a matter of compromise, as the choice of a very low 
figure would involve high cost in suppression services, 
whereas the adoption of too high a figure would relieve 
the cost of suppression at the expense of providing a 
higher signal field from the broadcasfmg sei^ce. In 
the latter connection there is a definite limit to^ the 
power of broadcasting stations, imposed by international 
agreement. The B.S.I. has agreed that, for frequencies 
between 200 and 1 500 kc., the maximum permissible inter¬ 
fering voltage at the mains terminals of a machine shall 
be 500 and that the interfering field strength shall 
not exceed 100 per metre at a distance of 10 yd. 
For example, if in a given case the effective height of 
aerial was 1 m. and the mains attenuation was 37 db., 
a field of 1 mV per metre would be adequately protected 
from mains-bome radiation. 

(a) Suppression at the Source 
The general principles of interference suppression are 
now generally realized, and in the case of the majority 
of prnallpr electrical appliances can be covered by general 
rules and specifications. The larger and more com- 
pHcated electrical equipments, however, will generally 
require individual investigation and treatment for satis- 
factory suppression. 

In suppressing interference at the source one of two 
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courses may be pursued: either to prevent the genera¬ 
tion of the interference, or, alternatively, if it is im¬ 
possible to prevent the generation of the interference, 
to limit its effect by preventing its radiation or passage 
to the power supply mains. The first course can often 
be adopted in the case of interference from switching 
operations by preventing the sudden growth and sudden 
decay of current in the circuits in question. Circuits of 
the t 3 q)e used for spark-quenching are suitable for this 
purpose. 

The majority of cases, however, do not lend themselves 
readily to this treatment, and it becomes necessary to 
prevent the interference leaving the source. This is done 
by screening or modifications of the unscreened portions 
of the circuit as far as radiation is concerned, and by 
the use of filter circuits to prevent the passage of the 
interference to the supply mains. 

(i) Low-power items. 

The methods to be adopted for the suppression of 
low-power equipment have been disclosed in earlier 
papers,* and the results of work and experience to date 
are embodied to a large extent in B.S.S. No. 613—1935. 

A large percentage of cases can be cured by the use 
of condensers alone; for example, the items of equip¬ 
ment referred to in Table 7 were all suppressed down 


Table 10 


Category 

Percentage 

1 

No. of machines tested 

A {a) 

64 

90 

A (b) 

73 

34 

A (c) 

27 

168 

B 

65 

17 


to a level of 200 fiV of interference (46 db. relative to 
1 ajV), and this was accompUshed by the nse of con¬ 
densers only in the percentages of cases given in Table 10. 
The use of condensers alone across the terminals of the 
appliance wdll be more efficacious where the internal 
impedance of the appliance to h.f. currents is high. The 
arrangement, can be assumed to be equivalent to a 
potentiometer consisting of the machine impedance and 
condenser impedance shunted across the source of inter¬ 
fering voltage. The impedance of the condenser is low, 
so that the greater proportion of potential-drop occurs 
across* the machine impedance and a very small pro¬ 
portion occurs across the condenser and supply mains. 
Care must of course be taken that the value of condenser 
chosen is such as not to resonate with the machine 
impedance at any frequency liable to cause interference, 
as in this event the interference may be accentuated. 
Furthermore, it is essential that the condensers with 
their associated connecting leads have as little induc¬ 
tance as possible, as otherwise their efficiency will be 
greatly reduced at the higher frequencies. 

The I.E.E. Wiring Regulations recommend that all 
exposed metal on machines, when such metal is less 
than 8 ft. above the floor, shall be earthed. The Regula- 

* For example, A. Morris: Journal I.E,E., 1934, vol. 74, p. 245. 


tions also deprecate the use of 2-pin reversible plugs 
and recommend that for portable appliances^ the 
framework should either be of non-metallic material or 
protected with insulating material. As these Regula¬ 
tions are not always obeyed it is necessary to safeguard 
the users of such appliances from the possibility of 
electric shock. 

When condenser suppressors are fitted to portable 
machines one condenser is usually necessary between the 
supply mains and one condenser between the neutral 


3*2 mH 



Fi^. 28 

(а) Line suppressor for automatic telephone exchange. 

(б) Coil spool (moulded bakelite). 

(c) Dial suppressor at subscriber’s premises, 

and the frame. With the use of 2-pin plugs it cannot 
be guaranteed that the latter condenser will remain 
connected as originally fitted, and it has therefore to be 
limited to a low value in order to avoid the risk of shock. 
This limitation has the effect of reducing the efficacy of 
the suppressors, but it has been found that if two 
0*005-^F condensers are fitted in series across 250-volt 
a.c. supply mains and the centre point of the condensers 
connected to the framework, then a reasonable degree 
of suppression can be obtained for a large number of 
machines, and it has been shown by extensive tests that 
in the event of the user touching the framework and 
earth simultaneously no appreciable shock can be felt. 
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Fig. 29.—Interference suppressors for P.O. teleprinters. 

(a) Mains inptit filter. 

(b) Governor suppressor. _ . 

(c) Relay suppressor (for duplex vo ice-frequency circuit). 


This method has been adopted as standard practice by 
the Post Office. 

In the case of telecommunication apparatus it has 
already been mentioned that, as far as automatic 
telephone -plant is concerned, the most effective method 
of suppressing interference from an exchange with 
overhead distribution is to provide filters on every 
circuit leaving the exchange building. Details of the 
line suppressors used for the purpose are given in 
Fig. 28(a). The impedance of the coils increased from 
about 3 500 ohms at 150 kc. to a peak of over 
250 000 ohms at 1 400 kc., after which it decreased 
to about 100 000 ohms at 1 500 kc. The self-capaci¬ 
tance of each coil was about 5 /xju-F. Details of the 
coils used are given in Fig. 28(5). The suppressors 
are mounted in units for 50 lines and for 20 lines, and 
the overall dimensions of a 50-line unit are 1 ft. 7 in. 
high X 1 ft. 10 in. wide x 10 in. overall depth. The 
20-lLne unit is similar, with an overall width of 1 ft. 3| in. 
Particulars of the suppression achieved by this equipment 
are given in Table 6. 

The interference sometimes experienced from dialling 
impulses can be alleviated by fitting a suppressor at the 
subscriber’s dial. A t 3 q)ical arrangement of a suppressor 
for this purpose is shown in Fig. 28(c). The condenser 
is of 0 • 1 ju-F and is of the non-inductive tubular t 5 ^e. 
Coils of various types have been used, wound over the 
condenser. One arrangement consists of two coils of 
No. 36 S.W.G., d.s.c., having a loop inductance of 25 [jM 
and a loop resistance of 0 • 88 ohm. 

With regard to interference from machine telegraphs, 
this rarely causes trouble except in commercial receiving 
stations. One remedy in such cases is to install the 
machine telegraph apparatus in a screened enclosure 
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Fig. 30.— Schematic diagram of typical trolley-bus electrical equipment. 
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with filters in all incoming conductors. Another remedy 
is to provide suppression filters on the machine telegraph 
equipment. In severe cases it may be necessary to 
employ both remedies. 

In the case of Post Office teleprinters installed at a 
radio receiving station, it was found necessary to fit 
suppressors to the mains supply, to the governor contacts, 
and to the sending and receiving relay. Details of the 
filters used are given in Fig. 29. The mains filter con¬ 
sists of two coils, each of 54 turns of No. 24 S.W.G. 
d.c.c. copper wire, pile-wound in six groups of nine turns 
on two tubular 0 * 25-jLcF non-inductive condensers. They 
can be fitted in the base of the teleprinter. The governor 
filter consists of two coils. A greater degree of suppres¬ 
sion is obtained by screening these coils before fitting 
them within the base of the teleprinter. For the relay 
suppressor, commercial short-wave h.f. chokes are suit¬ 
able as the current to be carried is small. This equip¬ 
ment was found to give suppression for the motor and 
governor interference over the band 150—19 000 kc,, less 
complete suppression might be sufficient in cases where 
the received signals are of the order of 100 /xV per metre 
or more. 

(ii) Trolley-buses. 

The three main methods of suppression of the inter¬ 
ference from trolley-buses are by treatment of individual 


items, suppressors on the overhead wires, and chokes in 
the main supply leads from the trolley arms. 

In the first method, inductors are connected in each 
controller lead and condensers and resistors are con¬ 
nected across the controller contacts; there are also 
condenser filters on the driving motor, and on the 
brake compressor or exhauster motor, and inductors in 
the supply to the lighting motor-generator, if present. 
The details of the suppressors for one type of trolley-bus 
are shown in Fig, 30. The capacitance connected to the 
chassis does not exceed 0 • 1 /xF, and it is considered that 
the shock obtainable from the discharge of this condenser 
would, under the worst condition, be inappreciable. 
Normally the leakage to earth from the chassis is ade¬ 
quate to prevent the potential of the latter from differing 
from that of the ground in the vicinity, but it is occasion¬ 
ally possible for the chassis to become effectively insu¬ 
lated from earth. Hy means of these filters, the inter¬ 
ference from the items to which they are connected can 
be reduced to field strengths of the order of 20 db. above 
1 fiY per metre in the medium wave band, and 40 db. 
above 1 fiV per metre in the long wave band, measured 
at a distance of 10 yd. from the vehicle and under the 
trolley wires. Individual suppression ratios as high as 
80 db. have been reported in some tests. Table 11 shows 
some representative test-results for the suppression of 
interference due to controller operation. 


Table 11 


Frequency (kc.) 


300 and 1 100 
1 000 \ 
200j 

9001 
200J 
9001 
200J 
9001 
200] 
9001 
200J 
9001 
200J 
9001 
200J 
9001 
200J 
9001 
200j 
9001 
200J 
9001 
200J 
900\ 
200J 
9001 
200J 
900\ 
200J 


Type of vehicle 


Rheostatic braking 
Company B 

Regenerative braking 

Company C 

Regenerative-rheostatic 

braking 

ditto 

Regenerative braking 
ditto , 

Regenerative-rheostatic 

braking 


Mechanical braking only 

Air brake only 
ditto 

Company D 
ditto 

Company E 
Eddy-current braking, 
Company F 


Nature of filters 


4- mH chokes 

10-mH chokes on each side of 
each contact 

ditto 

ditto 

ditto 

ditto 

5- mH chokes ditto 

As above, but with 0*1 juF 
across contacts 

10-mH chokes on each side of 
each contact 

As above, but with resistances 
across certain contacts 

10-mH chokes on each side of 
each contact 

ditto • 
ditto 
ditto 
ditto 


Degree of 
suppression (db.) 


At 


’J 

'} 


26 
53 
30. 

43' 

33. 

54' 

21 . 

28- 421 

29- 33 1 
36' 

36. 

46" 

11 . 

>721 
54J 
40' 

30. 

80' 

60 
24 

29. 

27 

30. 

43' 

42. 

43 
42. 

42 
40 


Town A 
Town B 

Town C 

Town D 

Town E 

Town F 


Depot IT 
Depot H 
Town G 
Town H 
Town J 
Town J 
Town J 
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In actual operation, interference due to collectors and 
due to the main contactors also occurs. The latter is 
usually small, as has already been noted, while the former 
is now much reduced by changes in design and main¬ 
tenance. Accordingly the method will give adequate 
suppression both for radiation from the system and for 
direct radiation from the trolley-bus, except when the 
collector noise is unduly high, or when there are other 
sources of interference coupled to the overhead system, 
or in some of the exceptional conditions of weather, etc,, 
already mentioned in Section (2). 

If the lines themselves are loaded with condensers, 
the interfering currents pass to earth at adjacent con¬ 
densers, while the impedance of the line is reduced, thus 
decreasing the voltage corresponding to a given inter¬ 
fering current. The first effect increases to some extent 


in both wave bands for an interval of 360 yd. In some 
instances, adequate suppression can be obtained by 
condensers alone, as indicated in Table 12. 

Suppression by condensers alone may not always be 
adequate in severe instances, but condensers may con¬ 
veniently be used in conjunction with other methods 
since they eliminate collector noise and line noise from 
other sources, and the failure of a unit does not invalida.te 
the suppression since the influence of the remaining units 
is exercised over the whole of the line. In this way the 
frequency of severe clicks may be considerably 
reduced, to the point at which they become tolerable, 
while systems or sections which are the source of strong 
interference may be isolated from the systems and sections 
serving residential areas where the streets are narrow. 

If choke coils are connected in the main supply leads 


Table 12 

Suppression of Trolley-bus Interference by Line Condensers alone and in Conjunction with other 

Suppressors 


Trolley-bus suppression 
apparatus 


Unsuppressed .. 

Unsuppressed .. 

Double-hump chokes 

Unsuppressed .. 
Single-hump chokes 
Single-hump chokes 


Unsuppressed .. 
Unsuppressed .. 
Single-hump chokes 
Double-hump chokes 
Single-hump chokes 
Unsuppressed .. 
Single-hump chokes 


Site 

Distance of 
test position 
from overhead 
line (yd.) 

Interference 

level 

(db. above IjaV 
per metre) 

Condenser 
spacing (yd.) 

Suppression 

(db.) 

Frequency 

(kc.) 

Remarks 

A 

10 

47 

440 

20 

1 000 

Single trolley-bus, normal 







operation 

A 

10 

42 

80 

25 

1 000 

Single trolley-bus, normal 







operation 

A 

10 

43 

440 

27 

1 000 

Single trolley-bus, normal 







operation 



44 

80 


1 000 

Single trolley-bus 

B 

5 

47 

80 


1 000 

Normal service 

B 

5 

29 

80 


1 000 

Single trolley-bus 

A 

10 

32 

240 

30 

200 

Single trolley-bus 

A 

10 

19 

80 

43 

200 


A 


32 

240 



Normal service 

A 

10 

34 

440 

28 

200 

Single trolley-bus 

B 

5 

44 

80 


200 

Normal service 

B 


34 

80 



Single trolley-bus 

B 

5 

33 

80 



Single trolley-bus 


with the normal impedance of the line, which, however, 
can only vary within narrow limits unless special con¬ 
ductors are used, so that the effect will depend mainly 
on the resistance of the earth connection of the con¬ 
densers. The second effect depends also on the internal 
impedance of the vehicle being greater than the external 
impedance. The efficiency of condensers thus varies 
according to the earth resistance of the standards to 
which the condensers are usually earthed and, to some 
extent, according to the vehicles in question. Tests on 
systems where the earth resistance was of the order of 
10-20 ohms, as measured by ordinary earth-testers, 
indicated suppression ratios up to 40-50 db. in the long 
wave band and 20-30 db. in the medium wave band, 
with condensers of 0 • 5 /xF connected to earth on each 
wire at 80-yd. intervals, the degree of suppression de¬ 
creasing with increase of interval, and being about 20 db. 


to the trolley-bus equipment, the interfering voltages 
generated therein are prevented from reaching the line 
while currents due to collector disturbances are prevented 
from circulating in the system. These chokes must 
carry a heavy current, however, so that their design 
forms a difficulty on account of the non-paying load 
and the reduction in maximum tilting-angle which may 
be caused. The latter objection may be minimized by 
winding the coils with aluminium strip in lieu of copper. 
They are usually mounted on the roof, but may be 
mounted in the cab without very much loss in efficiency. 
Existing designs are mainly of two types,^ the single¬ 
hump t 5 q)e, giving a maximum impedance in one wave 
band, and the double-hump type, having an auxiliary 
circuit (Fig. 31) such as to produce two maxima of 
impedance, one in each wave band. Suppressions of 
20-30 db. have been obtained by these means, but dis- 
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placement of the maxima from the test frequency and 
severe collector noise may considerably reduce the 
suppression. 

The present conclusion is that for severe cases, where 
the streets are narrow, a combination of suppressors on 
each disturbing item on the trolley-bus, with a few line 
condensers at special situations such as turning circles, 
crossings, and section points, is desirable. If the hne 
is in bad condition or if wheel collectors are used, more 
line condensers may be necessary. In other cases the 
line condensers may be omitted, or hne condensers may 
often be employed alone, if at sufficiently frequent 
intervals. For wide streets where aerials can be located 
at, say, 50 yd. from the route, main choke coils may be 
used. Where these are already in use the suppression 
they give may, if inadequate, be suitably reinforced by 
the addition of line condensers. 


(iii) Electric lifts. 

The component items and circuits of electric lifts are 
treated separately in this paper, and the methods applic¬ 
able have, in many instances, already been described; 
such as, for example, the main motor, the motor- 



AUXILIAF?y COIL 
[oust* cons ] 


Fig. 31.—Schematic diagram of trolley-bus double-hump 

choke. 


generator, convertor, or rectifier in a.c. and a.c./d.c. 
systems; the gate-closing motors, bells, indicator lights, 
fans, and similar auxiliary equipment. The control 
circuits show some special features. If these circuits are 
operated from a panel in the car the interference must 
be prevented from flowing in the trailing cable and being 
radiated therefrom. To this end, chokes of about 6 mH 
should be connected in each lead, both at the panel in 
the car and at the controller where the relay coils are 
situated. In addition, condensers of 0 • 5 or 1 /xF may be 
connected from each lead to earth on the trailing-cable 
side of the chokes. A less but often adequate degree of 
suppression can be obtained by mounting the chokes at 
the halfway' box instead of in the car itself, while the 
filters at the controller panel or, at least, the chokes 
therein comprised, may often be omitted. In general, 
the more rigorous treatment is required in control cir¬ 
cuits energized from the full mains voltage since these cir¬ 
cuits are more highly inductive. In many modern lifts 
a.c. controls are used and need little suppression. 

Control circuits, including gate interlocks, which do 
not enter the trailing cable are treated in a similar 
manner, filters being required at the operating switch 
and at the relay coil. If the wiring is in conduit or 
screened the chokes may often be omitted from the 


filters. Screened trailing cables have not yet come into 
general use. 

The tripping, holding, and closing coils of the circuit- 
breakers and contactors should be furnished with con¬ 
densers of 1 or 2 (jlF, connected between each end of the 
coil and earth. In some older types of lift these coils 
are directly controlled from the car, the circuit being 
included in the trailing cable. Severe interference is 
experienced in such circumstances, and the methods 
described previously for control circuits must be applied. 
It is also often advantageous to connect condensers up to 
4 ^F across the switch contacts in the car. The brake- 
magnet coil, which may abo be a source of interference, 
can be suppressed to the extent of about 40 db. by 
means of an arc-suppressor of the rectifier type, as is 
often employed in inductive circuits. Such devices 
form an alternative in many instances to the condenser 
and choke-condenser filters described. The metalwork 
of the shaft should be well bonded to earth, since appre¬ 
ciable voltages may arise along the length of the shaft. 

The interference passing into the supply mains, if the 
domestic supply or a system coupled thereto is employed, 
can be satisfactorily reduced by a mains filter of the 
nornial choke-condenser type. Table 13 shows the 
methods and extent of suppression which have been 
achieved in some typical instances. 

(iv) Ignition systems. 

As regards the normal broadcast wavelengths, con¬ 
denser suppressors of a conventional nature are applied 
to the various items of electrical equipment of auto¬ 
mobiles, such as the dynamo, coil or magneto, wind¬ 
screen wiper, horn, etc. In addition, screened cable* 
may be used for the wiring, the screen being bonded to 
the chassis. Such measures are mainly of importance 
for car radio where, in addition, or alternatively, the 
aerial and lead are screened if in proximity to the car 
\viring. 

The spark system itself afiects receivers along the 
route or in the neighbourhood, and requires special 
consideration. Complete screening is entirely effective 
but, at present, expensive and mainly employed in 
aircraft and for mihtary and police purposes. The coil 
or magneto is encased in a low-resistance box to which 
is attached, by a metallic gland, the screened cable 
leading to the distributor, similarly encased in a metal 
box. The plug leads are also formed of screened cable, 
attached to the distributor and the plug by metallic 
glands completely enclosing the plug head and dis¬ 
tributor terminals. The screened cable is bonded at 
intervals to the chassis.* 

Automobiles may be partially screened by using 
screened and bonded ignition leads or by using a metal 
cover substantially enclosing the high-voltage circuit. It 
is then necessary to apply a choke-condenser filter at the 
battery terminals of the coil. This scheme appears some¬ 
times to give adequate suppression both for car-radio 
and for external receivers. One serious disadvantage 
with screening is the capacitive load on coil or magneto, 
which may reduce its voltage unless it is specially 
designed, and decrease the life of the contact point. 

* See Air Mirdstry Specification DTD GE 125, Issue 6, and B.S. Specification 
in course of issue. 
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Partial screening may in many cases meet this objec¬ 
tion,* but difficulties will occur if existing coils are used 
with long-gap sparldng plugs. It seems possible, how¬ 
ever, that with these plugs certain other alleviating 
factors may play a part. 


cylinder magneto or with a brush-type distributor, the 
resistors need only be mounted at the plugs. With 
magnetos, the distributor is usually incorporated in or 
close to the magneto so that no resistor is necessar\^ in 
the distributor lead, but such a resistor is necessary 


Table 13 

Degree of Suppression of Interference from Electric Lifts 


(a) Radiated 


Type of lift 

Suppression condition 

Level after suppression (db. above 1 fiN per metre) 
at 10 ft. from C/L of lift 

(see Table 8) 


900 kc. 1 

1 

ISO kc. 

(i) 

Chokes at panel 

70 

46 


Chokes at halfway box 

62 

47 


Chokes plus condensers (earthed) at panel 

62 

42 


Chokes plus condensers at car controller .. . . 

48 

40 


Do., plus chokes and condensers at panel 

48 

40 

(iii) 

Chokes at panel plus choke/condenser filter in mains .. 

33 

34 

(v) 

Chokes plus condensers (earthed) at halfway box 

40 

23 

Same filters at controller panel 

36 

21 

(vi) 

Chokes plus condensers (earthed) at panel (gate motor leads) 
plus chokes and condensers at motor switch contacts 

16t 

25t 


[b) Mains Interfeyence 


Type of lift 
(see Table 8) 

Suppression conditions in supply leads 

Level after suppression (db. above 1 /xV) 

Symmetrical 

Asymmetrical 

900 kc. 

1 

180 kc. 

900 kc. 

ISOkc. 

. « 

Chokes with condensers (earthed) on line side .. 

52 

62 

45 

46 

(iii) 

Chokes at panel plus choke/condenser filter in mains .. 

39t 

26J 

1 

44t 

28t 

(V) 

(vi) 

Chokes with condensers (earthed) on line side .. 

None . . ' ' - • • • • • • • * • •' * * 

38 

45 

36 

48 

45 

45 

44 

48 


On account of tlie difficulties mentioned, alternative 
methods have been studied which fall into two t37p®s 
resistors, including resistor-condenser combinations, and 
cboke-condenser units. Resistors must be placed as 
close as possible to the source of the spark, i.e. at t e 
actual plug and distributor terminals. With a single- 

• with some oar designs it is possible to enclose the whole of the ignition 
circuit m a single screen bolted to the engine. 


when a long lead connects a coil to a distributor. The 
use of long distributed resistors as the plug leads them¬ 
selves avoids duplication of resistors at each end and is 
more efficient for the same resistance value. ^ In addition, 
the efficiency can be very considerably increased by 
covering a short length of the lead at the plug end by 
a screen of metal foil, as in Fig. 32, so as to form a 
small condenser of about 20 /xftF, the foil being bonded 
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to the cylinder block. This forms a network giving a 
high attenuation from the plug for very high frequencies. 
Table 14 indicates the degree of suppression which may 
be attained. The suppression necessary depends, with 
ultra-short waves, on the service field-strength envisaged 



Yig, 32.—^Distributed resistor, with screen, for ignition 

systems. 


and the location of the receiver. In general, it appears 
from Section (2) that suppressions of not more than 
about 25 db. should prove satisfactory in the great 
majority of cases. 

The figures in Table 14 were obtained partly on a 
model ignition system and partly from tests on a number 
of automobiles of various ages and sizes produced by 
the principal motor-car manufacturers. Often the 
degree of suppression required, after the ignition layout 
has been suitably arranged, is such that only a resistor 
in the distributor lead is necessary. 

Table 14 


Fre¬ 


quency 

(Me.) 


Resistance 
(10“ ohms) 


Suppres¬ 

sion 

(db.) 


Fre¬ 

quency 

(Me.) 


Resistance 
(10® ohms) 


Suppres¬ 

sion 

(db.) 


Single-cylinder magneto 


12 

•loot 

27 


60t 

27 


25t 

24 


25t 

34 

45 

25t 

17 


25t 

23*5 


25* 

16 

Coil 

and 4t-cylinder 

brush-type distributor 

21 

25t 

22 

45 

25t 

25 


Coil and spark-type 
distributor 



Distribu¬ 

tor 

lead 

Plug 

leads 


12 

20* 

25t 

29 


— 

50t 

30 

45 

20* 

25t 

20 


20* 

30t 

40 


15* 

10* 

25 


5* 

5* 

15 


* Carbon resistor, 
t Distributed resistor. 
i Distributed resistor with screen. 


If h.f. chokes are employed at the plugs, it is essential 
to incorporate the small condenser, already mentioned, 
on the lead at its point of attachment to the choke, as 
is the case with the chief proprietary form of this sup¬ 
pressor. The suppressions thereby obtained by the use 
of suitable components have varied from about 18-5 db, 
at 50 Me. to 30 db. at 12 Me. 


(v) Mercury-arc rectifiers. 

With some exceptions, satisfactory suppression of the 
interference on the d.c. side is obtained by means of 
condensers connected between each output lead and 


earth or between the anodes and cathode and earth, or 
by a combination of these methods. By means of such 
condensers, of capacitance up to 1 or 2 /xF, the dis¬ 
turbance can usually be reduced to 600 /xV or less. 
Since a reduction of 10 db. may be allowed for attenua¬ 
tion in the cable to the nearest consumer, this corresponds 
to about 200 applied in a manner comparable to that 

associated with a domestic item. 

With other types of system, with certain rectifiers of 
the grid-control type and with rectifiers not completely 
balanced or stabilized, a higher degree of suppression is 
desirable. This may be achieved by h.f. chokes inserted 
ill each feeder, with condensers connected between the 
load side of each choke and earth. The inductance of 
these chokes is limited by the load current to be carried. 
Standard values for air-core chokes are 150 /xH, 300 /xH, 
800 /xH to 1 mH. The use of a choke with an iron core 
in shell form is of advantage as regards size and carrying 
capacity when dealing with heavy currents. Table 15 
shows the methods of suppression adopted in a number 
of particular instances. A wide variation of efficiency 
of suppression is observed, and shows that regard must 
be paid to the type of load and relative impedances of 
load and rectifier in choosing the best methods of sup¬ 
pression. Item (2) in Table 15 is an example of this. 
The low suppression-ratios achieved with chokes in this 
instance are due to the fact that, owing to the low h.f. 
impedance of the system supplied, the insertion of chokes 
increased the interfering voltage at the terminals of the 
rectifier so as largely to neutralize the attenuation pro¬ 
vided by the choke-condenser filter applied. 

In conditions obtaining in this country a disturbance 
on the a.c. side needs treatment only in those cases 
where the domestic mains system is used and where the 
interference level of the rectifier is unusually high. Sup¬ 
pression can then be achieved by a filter of normal type 
with a choke in each phase and a condenser of 0 • 1 to 
1 jU/F connected between the supply side of each choke 

and earth. 

(vi) High-frequency medical appliances, and cases 
where screening is essential. 

Although the suppression of the high-frequency inter¬ 
ference arising from the operation of diathermy and 
similar types of apparatus is quite simple, the practical 
application may at times present some difficulty where 
apparatus is already permanently installed. It is there¬ 
fore important that in all new hospitals and medical 
institutions provision should be made during construc¬ 
tion for prevention of radiation by the means described 

later. 

Two methods are available. The first is to redesign 
the apparatus in such a way that the secondary forms 
an output circuit which in linear dimensions is as small 
as possible, and which has a metallic return to reduce 
earth currents to a minimum. This method has so far 
not been adopted to any large extent, principally on the 
grounds of expense, but an experimental violet-ray set 
has been designed by the Post Office to these require¬ 
ments and is practically non-interfering. The second 
method, which can be adopted for complete suppression, 
is the enclosure of the apparatus and patient in an 
earthed metallic screen and the provision of h.f. filters 
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Table 16 


System 

Cost per sq. ft. 

Screening for walls, door, 
ceiling, and floor 

Wire-mesh reinforced 
glass for window 

3 ft. X 4ft. 

Mains filter 

Labour costs 

Total cost 

Metallized paper . . 

Jd. 

£1 10s. 

12s. 

£4 

£5 

£11 2s. 

Zinc-sprayed paper 

2d. 

£6 Os. 

12s. 

£4 

£5 

£16 12s. 

Zinc-spraying on wall 

Is., 

including 

labour 

£31 10s. 

Floor covered with 
wire netting 

12s. 

£4 

£1 

£37 2s. 

J-in. galvanized netting . . 

Id. 

£3 10s. 

12s. 

£4 

£5 

£13 2s. 


on all circuits entering the screened endosure. It is 
also necessary that all water pipes, gas pipes, conduits, 
etc., be efficiently bonded to the screen. 

Instances may occur in which the nearest broadcast 
listener, although situated outside the field of directly- 
radiated disturbance, is yet within the area over which 
receivers may be affected by the h.f. components propa¬ 
gated via the supply mains. Provided that the electric 
supply system in the locality is laid underground an 
adequate degree of suppression should be gained by the 
insertion of an h.f. filter at the point of entry of the 
supply mains to the premises in which the interfering 

apparatus is housed. 

In the case of a violet-ray set used in a private house 
or in a hairdresser’s establishment, a screening cubicle 
may be constructed very simply by stretching J-in. mesh 
galvanized-iron wire netting over a wooden frame and 
bonding this to similar netting laid on the floor. A 
cubicle having the dimensions 7 ft. x 6 ft. x 6 ft. 6 in, 
would be of suitable size and could be erected and draped 
to taste at moderate cost. In the case of a hospital or 
medical practitioner, however, it is usually more con¬ 
venient to screen the room in which the electrical 
treatment is given. This may be effected by the use 
of any one or a combination of the following screening 
materials: metallized paper, zinc-sprayed paper, zinc 
spraying on the walls and ceiling, or small-mesh galvan¬ 
ized-iron wire netting. If the room to be screened is 
in course of construction it may be found practicable to 
employ wire mesh for screening purposes, as this can 
be embedded during the process of plastering, and when 
finished the screening would be hidden. 

Metallized paper is initially very effective, but in one 
case its efficiency was found to decrease considerably 
with age, the resistance between adjoining strips of paper 
at pasted joints increasing as the paste dried out. It 
follows that if metallized or zinc-sprayed paper is used, 
special attention must be given to the permanency of 
the joints. Owing to the high cost of screening by 
spraying zinc directly on to the walls, this method has 
not been tried out in practice on an actual room. From 
tests carried out on small specimens, however, it would 
appear to be satisfactory. 

As a guide to the relative costs of the various methods, 


the estimated costs of screening a room 12 ft. X 14 ft. 
X 8 ft. high are given in Table 16. The cost of a 
15-ampere h.f. mains filter is also included in each case. 

For decorative purposes, paint or wallpaper could be 
used to cover the screening in the case of the first three 


6 mdH 

\SiSmiLr 




6mH 


0-1/iF 


To apparatus 


-||_ 

O-I/aF 


750mH 




750/jiH 



I To apparatus 


75QmH 

■vMMiLr 


ic) 


750/1H 


2'0/tF 


1 To apparatus 




20^F 


Fi^. 33.—Suppressors used in tests on electromedical 

apparatus, 

methods referred to in Table 16. The cost of this is 
not included. In the fourth method the wire netting 
can with advantage be embedded in the plaster of the 
walls and ceiling. If it is embedded during construction 
of a new building there is no additional cost. If re- 
plastering is necessary this will involve an additional 
cost of about £10. The metallized paper consists of 



Portable High-Frequency Medical Sets 



aluminiuHi foil, 0*005 min. thick, with, a paper backing, 
and is applied in the same way as wallpaper with the 
foil outwards. There should be a “ lap ” of at least 
1 in. at joints, and to ensure continuity a 2-in. strip of 

aluminium foil is pasted over the joints. 

The interference from a number of types of portable 


electrotherapy or ** violet-ray apparatus and diathermy 
apparatus on the long-wave and medium-wave broad¬ 
cast bands has been investigated. The levels of inter¬ 
ference on the supply mains were measured with and 
without suppressors, and under the symmetrical and 
asymmetrical conditions. The radiated field-strength 
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was also measured at various distances under the screened 
and unscreened conditions. Typical measurements are 
given in Table 17. The types of h.f. filters used in the 
tests are shown in Fig. 33. 

(b) Measures at Listener’s Premises 
(i) Type of aerial. 

Wherever possible an outdoor aerial should be used, 
as this not only possesses a lower coupling with the 
supply mains but at the same time can have a much 
greater effective height than the indoor aerial. Frame 
aerials of the small type associated directly with the 
receiver are inefficient compared with the outside aerial, 
and although they possess certain directional properties 
these are rarely efiective against interference because the 
frame aerial when rotatable on a vertical axis is direc¬ 
tional only to vertically-polarized waves, and while the 
interference waves are largely vertically polarized there 
will be normally sufficient interference polarized in other 
directions to render the frame aerial of little avail. The 
most satisfactory arrangement will comprise an aerial 
well removed from the source of interference and con¬ 
nected to the receiver by some t 3 ^e of feeder system. 

The feeder may be of the concentric or balanced 2-wire 
type. Where the feeder has to pass through an appre¬ 
ciable interference field as, for example, in going from 
top to bottom of a large building such as a block of fiats, 
the single-core t 3 ;pe of cable may not give such effective 
protection as a balanced type of cable, although much 
depends upon the actual circuits used in each case and 
the type of interference encountered. Enclosing a con¬ 
ductor in a metallic shield will not prevent its being 
affected by travelling waves of radiated energy; the 
shield will, however, protect the inner conductor from 
capacitive coupling to the electric supply mains, which 
is often a serious cause of interference. In the balanced 
transmission line both conductors are equally affected 
by radiated energy, but suitable terminal arrangements 
enable these effects to be balanced out. An arrange¬ 
ment of this kind is shown in Fig. 34(a). Here the aerial 
circuit includes the primary of the aerial transformer, 
the secondary of which feeds the balanced line. If the 
line is subject to radiated interference this will produce 
identical e.m.f.’s in each line conductor, which will set 
up currents between the mid-points of the line windings 
of the transformers and earth, but these currents will 
not introduce energy into the aerial or into the receiver. 

A modification of the circuit shown in Fig. 34(a) is 
sometimes adopted, to allow the feeders to be used as 
the earth connection of the aerial itself. This arrange¬ 
ment is shown in Fig. 34(6), where the earth terminal 
of the primary of the aerial transformer is connected to 
the mid-point of the secondary. This circuit has the 
defect that any interference induced in the feeders in 
parallel enters the aerial through the primary of the 
aerial transformer, thereby producing loop currents 
which affect the receiver. This scheme, therefore, is not 
to be recommended in all cases, and it is preferable that 
the aerial, if possible, be earthed well away from the 
field of interference, as in {a). Where, however, the 
source of interference is capacitive coupling to the feeder 
the system will be effective if an earthed metallic screen 
is provided around the cable. Where the aerial can be 


placed so that the feeder can be buried or earthed along 
its route, the single-core concentric t 3 rpe will be suitable. 
Fig. 34(d:) shows an arrangement of this kind. 

One of the difficulties in connection with the provision 
of remote aerials and feeder systems arises from the 
increasing use of the so-called all-wave receivers which 
operate over a range of 150-30 000 kc. It is not easy 
to produce a feeder system which will operate satis¬ 
factorily over this wide range. 

If the interference is most serious on the short waves 







(h) 


Fig. 34. —^Aerial and feeder arrangements. 


an arrangement can be adopted which works as a 
balanced system on short waves and as an unbalanced 
system oh medium and long waves. An arrangement of 
this kind is shown in Fig. 34(a^), where the aerial consists of 
a dipole with a coupling coil in the centre to which the 
feeders are tapped: and are respectively the primary 

and secondary windings of a short-wave transformer, 
and Cg are condensers of values of the order of 50 jUjuF, 
while Lg is an inductance of about 50 [jM. At very 
high frequencies the aerial behaves as a dipole feeding 
the balanced line. At the receiver end of the line the 
loop currents set up a voltage across the secondary of 
the transformer, one end of which is connected to the 
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receiver while the other is effectively earthed through 
the condenser Cg. Short-wave interference induced in 
the line produces currents in the same direction in each 
of the feeders. These currents pass to earth through 
At these frequencies Lg has a high impedance, so that 
very little of this interference passes to the set. At 
medium and low frequencies the dipole picks up very 
little energy as a balanced aerial, and a larger proportion 
of energy can be obtained from the dipole and feeder 
acting as a T aerial. This energy produces no output 
from the transformer, but as and Cg have high impe¬ 
dances at medium and low frequencies the energy passes 
to the set through Lg, which has a comparatively low 
impedance. Alternative methods of connecting the 
dipole to the feeders are indicated in Figs. 34(^) and 34(/). 
This arrangement will not prevent the entry to the 
receiver of interference picked up by the antenna and 

feeder on medium and long waves. 

Where an all-wave feeder system is of appreciable 
length it may be desirable to terminate it with trans¬ 
formers for long and medium waves as well as for short 
waves. An arrangement for this purpose is shown in 
Fig. 34(^). Here is the primary of the short-wave 
aerial transformer connected to a dipole aerial as shown 
in Fig. 34(<^). The secondary winding is Lg, and both 
windings are centre-tapped. Across the centre taps is 
■ connected Lg, the primary of the long- and medium- 
wave transformer, having balanced secondaries Lg and L ^ 
shunted by condensers and Cg to allow passage for 
the short-wave line currents. The connections at the 
set transformer are somewhat similar. Here L^q, the 
secondary of the long- and medium-wave transformer, 
acts as a choke across the set on short waves, while Cg 
presents a high impedance to long and medium waves. 
Other arrangements are possible; for example, the line 
windings of the transformers may be arranged in parallel 
instead of in series at one or at both ends of the liim, 
while the secondaries of the set transformers may be 
connected in series instead of in parallel. One such 
possible arrangement is shown in Fig, 34 (/j). 

^ The condensers Cg, Cg, and in Fig. 34(^), and 
Ck in Fig. 34(/i), can be arranged to be provided by the 
self-capacitances of the long- and medium-wave windings, 
but it is probably better that these windings have a low 
self-capacitance and the additional capacitance required 
be provided by small adjustable condensers. The con¬ 
densers can then be adjusted to cover any capacitance 
unbalance in the windings. 

None of these systems protect the feeders from radiated 
interference on long and medium waves, for the ^^sons 
previously mentioned. Such protection can be afforded 
by using a separate earth for the primary windings o 
the long- and medium-wave aerial transforme^^ \ 

cated in Fig. 34(a). The dotted connection. Fig. 34(g), 
indicates how this can be done. It is prefeable ^ o 
isolate completely the secondary circuits of the aerial 
transformers from the primary. The efficacy of the 
arrangement will of course depend on the remova o e 
earth connection from the field of interference. 

If this cannot be arranged some form of balanced 
aerial for these wavelengths must be adopted, io be 
entirely effective, the aerial should consist of a loop or 
of two symmetrical spaced aerials, as, for example, m 


Fig. 34(A), which for medium and 

havmg separate aerials ^sterns is that 

long waves. The horizontal spacing 

they are definitely directional when extremely 

is used, while if vertical spacing is 
difficult if not impossible to ensure th -Y 

balanced at all wavelengths. ___^ide a conductive 

In all systems it is necessa^ to prov 

path betwen the aenal and earth to 

lation of static charges on the 

connection is not mherent in the transformer 

vided by centre-tapping one or more of t 

.nd of tto 

.hould b. serened ^ “ der th«t the 

priate measures should be adopted. i AnH-h 

balanced windings shall have equal nriman; 

and to avoid capacitance coupling between the ^ ’T 
and secondary windings. The transformer as a who e 
should preferably be screened, particularly m the case 
of the sZt transformer. Where interference is s^ere ^e 
receiver input lead should be screened also to within 
about an inch of the set, the screen being effectivelj 

*^^the case of flats, where individual outdoor aerials 
are impossible, the best solution appears to lie m the 
provision of a single efbeient aerial at the top of t 
building associated with a wide-band amplifier 
output of which a feeder is connected which is brought 
into every flat. The amplifier must free tom mte- 
modulation efiects, and provision must be made—by the 
insertion of a suitable impedance in the supply to ea 
flat, or other means—to prevent _ as far as possiWe 
adjustments at the listener’s receiver affecting other 
users of the service. 


(ii) Type of receiver. , 

The increasing use of more sensitive receivers during 
the last few years has tended to accentuate the trouble 
due to interference, as the highly sensitive types now 
available render an efficient outdoor aerial unnecessary, 
with the result that there has been a tendency to use 
indoor aerials with their inherently higher coupling to 
the mains. At the same time the high sensitivity now 
available is a temptation to listeners to attempt reception 
of distant stations of low field-strength and subject to 
a higher degree of interference than the stronger local 
stations. The increase of interference perception due to 
the higher sensitivity has been offset to some extent by 
the improved selectivity of modern receivers, which, 
with their much narrower band of acceptance, reject 
much of the noise which would enter and affect the older 
and less selective type of receiver. In this connection, 
devils which allow^he selectivity of the receiver to be 
increased when worHng on high gain are a valuable 
improvement. This improvement cannot be pressed 

beyond the limit where quality snffejs. 

The use of automatic gain control without a muting 
device for quenching the receiver in the absence of a 
carrier tends to give a false impression of interference, 
as the gain of the receiver rises to an excessive degree 
when it is being tuned between stations, with a corre¬ 
sponding increase in noise. 
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(iii) Mains filters. 

The use of filters at the point of entry of supply mains 
to the listener's premises is a valuable aid towards the 
prevention of interference from plant outside the building 
connected to the mains, particularly in those cases where 
the level of interference or numbers of persons afiected 
would not justify suppression at the source. Such filters 
normally consist of two condensers of capacitance 
0 • 5-2 • 0 fiF. One condenser is connected across the 
bvo supply mains, and the other condenser is connected 
from the neutral main to earth. Cases arise in which 
condensers alone suppress the interference to an in¬ 
adequate degree; in such cases choke coils are used in 
addition. The condensers may be placed either on the 
street side of the chokes or vice versa, depending on the 
relative impedances of the street mains and the house 
mains. The best position can be found most easily by 
trial. 

(c) Specifications and Procedure in Dealing with 

Interference 

During the past few years a number of British Standard 
Specifications have dealt partially or wholly with radio 
interference. The first specification of the kind was 
B.S.S. No. 505—1933* [“ Road Traffic Control (Electric) 
Light Signals ”], which contained a clause requiring such 
equipment to be free from interference and an appendix 
dealing with electrical interference. B.S.S. No. 613— 
1935 (“ Components for Radio-Interference Suppression 
Devices ”) contains schedules specifying the recommended 
value of condensers, inductors, and resistors for difierent 
types of machines and apphances. B.S.S. No. 727—1937 
(“ The Characteristics and Performance of Apparatus 
for the Measurement of Radio Interference has already 
been referred to in Section (1). B.S.S. No. 800—1937 
(" Standard Method for the Characteristics and Per¬ 
formance of Apparatus for the Measurement of Radio 
Interference defines the conditions for the issue of 
the Radio-Interference-Free mark. 

Further specifications are in hand dealing with ignition 
systems, electromedical" apparatus, trolley-buses and 
tramways, and radio receiving installations. B.S.S. 
No. 727 is in course of revision with a view to its 
extension to metre waves. 

The procedure in Great Britain and Northern Ireland 
in dealing with interference is that all complaints, 
whether received by the B.B.C. or by the Post Office, 
are handed over to and investigated by the Post Office 
Engineering Department. Fig. 35 shows the number of 
complaints dealt with since 1929. The number of com¬ 
plaints dealt with in 1936 was 44 000, and the curve 
continues to rise. This increase in the number of com¬ 
plaints may be attributed to the increase in the number 
of listeners, the increase in the use of electrical appliances, 
and the growing knowledge of the public of the existence 
of the investigation service. In spite of the fact that 
the Post Office has given at exhibitions a certain amount 
of publicity to the work it is doing, it is beheved that a 
very large number of listeners are still unaware of the 
service and are sufiering in silence in conditions where 
it would be possible to provide relief. From information 
at the disposal of the Post Office it is believed that a 

* Curreat edition is B.S.S. No. 505—1937. 


considerable number of people, particularly those with 
houses in close proximity to electric railways, trolley¬ 
buses, and tramways, do not purchase licences or do 
not renew them because of their knowledge of the inter- 
ference likely to be encountered; and that a large number 
of listeners tolerate more or less severe interference as 
they are aware that neighbours have complained or 
because they are too apathetic to register a complaint. 

In 1934 an analysis was made of 1 000 cases of inter¬ 
ference, taken at random from all parts of the country, 



Fig. 35 .—Interference complaints received by G.P.O. 

in order to ascertain the distribution of interfering 
sources, with the following result:— 

Type of plant Percentage of total 

Motors . . . . . . . . . . . . 50 

Trams, trolley-buses, and electric railways .. 10 

Flashing signs .. . . .. . . .. 5 

Neon signs .. .. .. .. .. 4 

Medical apparatus . . .. . . . . 4 

Rotary rectifiers .. .. .. .. 3 

Static rectifiers .. . . .. . . 3 

Overhead power lines .. . . . . .. 2 

Overhead telegraph and telephone lines .. 1 

Underground power line .. .. . . 1 

Railway signals .. ‘ .. ,. 0*5 

Traffic signals .. .... .... 0*5 

Miscellaneous plant and apparatus 
Faults at listeners' premises .. 


• « 
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Tlie number of equivalent full-time Post Of&ce staff 
employed in Great Britain and Northern Ireland on 
broadcast interference work is now of the order of 250. 
In order to improve their efficiency and widen their 
experience, special courses of instruction are held, by 
means of lectures and special demonstrations. The 
equipment available to this staff comprises 110 small 
motor vans, each supplied with an interference locator, 
portable wireless receiving set, screened leads, and a 
miscellaneous assortment of condenser filter units and 
inductors for experimental demonstration purposes. At 
the present time the investigations are carried out on 
the medium- and long-wave broadcast bands, but addi¬ 
tional equipment is being provided to enable such work 
to be extended to the television band in the London 
area. The portable wireless receiving sets are of normal 
broadcast type, with self-contained batteries. Both h.f. 
amplification and the superheterodyne type are*used. 
The sets are provided with internal frame aerials, and 
in addition have terminals for external aerial and earth 
connections. Jacks are also provided for headphone 
reception as an alternative to loud-speaker. The use 
of these sets enables tests to be made to verify that 
interference is actually present, and that the trouble is 
not due to faults on the complainant’s apparatus. 
More recently a portable interference-locator has been 
developed by the Department, and it is the intention 
eventually to replace the majority of commercial t 3 q)es 
of portable receivers in use for interference work with 
this apparatus. 

It is gratifying to record the co-operation which has 
been afforded by the parties involved. All branches of 
the electrical industry, the motor industry, the electro¬ 
medical trades, and the medical profession, have assisted 
in the preparation, of and the necessary studies for the 
British Standard Specification relating to their equip¬ 
ment. The B.B.C., G.P.O., and Radio Manufacturers 
Association have made special subventions to^the E.R.A. 
in support of its work in this direction. Finally, in 
general, members of the public have willingly granted 
facilities and have followed the recommendations of the 
G.P.O. in specific cases investigated. 
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appendix 

Theory of Signal/Noise Ratio in Ideal Receivers 

For the purpose of the present analysis it is assumed 
that the h f and l.f. amplifiers and associated equipment 
amplify unhormly all L components which lie withm 
the frequency bands which they select. If this is the 
case, then the constant amplification _ factor may be 
omitted and it is only necessary to consider the effect of 
rectification and of the frequency-selection mentioned. 
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(1) Single Interfering frequency. 

The input voltage may be expressed as:— 

7 _ p(i + M cos P(f) cos (o) + p)t + Vi cos cot ( 1 ) 

where 

P = amplitude of the broadcast carrier, 

M = modulation depth, 

= modulation frequency, 

== interfering voltage, 

and pI{ 27 t) = frequency-difference between interfering 

voltage and carrier. 

In t|b simplest form of ideal linear rectification all 
the half-waves of voltage of a given sign are faithfully 
transmitted while the half-waves of opposite sign are 
suppressed. Mumford and Stanesby* have represented 
this action very conveniently by the unit operator 
function:— 

f{t) = |- -f P^L cos cjo't -f P 3 cos 3 -h . . . . (2) 

where P^ = (— 1 )^^*“^^— 

flTT 

n being an odd integer. 

This function is alternatively -f 1 and zero, with a 
mean period of 27rf(x)'. Mumford and Stanesby regarded 
co‘' as constant. This assumption is sufficiently accurate 
for the deduction of the main principle of interference 
measurement, but for greater certainty it is desirable at 
first to extend the analysis, since a combination of 
components of different frequencies does not necessarily 
give rise to a function of constant period and therefore 
oj' will usually vary in practice, giving a species of 

frequency modulation.” The two components of V 
can be regarded as vectors of angle cot and {co -f p)t, 
and the angle of the resultant is (o% where 

0)'t — col + ([> 


The presence of multiplies the modulation term 
{ikf cos p^t) by a factor cos (pt — <j)), where 

cos {pt — </>) 

__ Vj cos pt -|-P( 1 -|- ikf cos p^t) __ 

” [Ff4-2PFi(l+Mcospo«) coapt+P^l+McospQt)-f 
V-^ cos pt -f P( 1 -f M cos Pot) 

~ yf+p2(l+M-cosi3o<)^]" 


1 -b 


Neglecting M, 
cos {pt — (f)) = 


2 V^P{ 1 +M cos cos pt 

Vi+P^{l-\-McospQt)^ ■ 


Vj cos pt -f 


—I 


(72 ^ p 2 )i 
cos -f p 


1 + 


’2VjP cos pf 

. r? + p 2 . 


■L 


(Ff+P2)I 


+ 


V-^P COS pt 

. ~ Ff+P 2 
Fj cos pt 




(F?+P 2 )i (Ff + P 2 )i 


FjP^ cos pt VfP cos® pt 


(Ff + P2)3 


(F| + 


FfP 


(72 4.p2)i 2(Ff + P2)3 


-b COS pt 


V. 


VjP^ 


.(Vf+P^)i (F2+P2)U 


and terms in 2pt, 3pt, etc. 

If is neglected as compared with Ff in the ffrst 
two terms, 

cos {pt — <^) 




[ 


(P/Vl) 


lri+(P/FA®y [l+(P/F. 




( 6 ) 


, P(1 + ■M' cos pQt) sin pt . . 

and' <p = arc tan ——^—=^ 7 :;;—;—r~- 

' F-£ "b P(1 "b cos Pq^) cos pt 

Forming the product Vf{t), we have 

Rectified voltage 

= P{l+McospQt)cos{(o-i-p)t[l +Picos{cot^(l))+ .. .] 

-b Fjl cos n>^[|-b-Pi cos (co 35 +</>)...] * • • (^) 

This expression gives a series of products which can 
be split up into summation and difference tones. Only 
those of low frequency will be accepted by the l.f. 
amplifier, so that terms involving co or its multiples may 
be neglected. Thus the output due to F is given by:— 

2F = P-Pi(l + M cospoO cos {pt — ^) -b F^Picos 0 . . (5) 

If M == 0, then 

— = (p2 + Ff + 2FiP cos pt)i . . . (6.1) 

•Pi 

If M is not zero, 

= p cos {pt —* ^) + cos <!> 

-b PM cos P(j« cos (pi — </>) . . . (5.2) 

* A. H. Mumford and H. Stanesby: Radio Report No. 300 (P.O. Engi¬ 
neering Department). 


Since cf) depends on Vi, P, and M, the '' norma,! ” 
terms P cos {pt — and F^^ cos (j> give rise to modulation 
products. This form of distortion is a second-order 
effect in most instances, and is neglected in the classical 
analysis. It is also neglected here, where we have only 
followed the transformation of the normal modulation 
tone from the point of view of its amplitude, without 
considering its distortion in any detail. 

The first term represents the apparent decrease of 
modulation caused by the presence of another carrier, 
the ” demodulation effect.”'^ The second term repre¬ 
sents the intermodulation between and the sidebands 
of P, which is only affected to the second order by the 

carrier of P. 

If P is large compared with cf) tends to {pt), Le. 
co' corresponds to the carrier frequency, and 

^=PM cos Pot+ FiC 0 S 7 «-^(h^ Vi cos 2pt+ ... (7) 


= PM cos P(f + Vi cos pt (approx.) 

Thus the interfering voltage Fj appears undisturbed 
in the output but with its frequency changed to the 

• For the classical analysis of tUs effect, see E. V. ^AprLETON: WmUss 
Engineer, 1933, vol. 9, p. 136; and F. M. Colebkook: Wtrelsss Worli, 1931, 

vol. 28, p. 660. 
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difference between the original value and the carrier 
frequency. The signal/noise ratio is tlms MPjVi if 
both are observed in a similar manner. 


(2) Several interfering frequencies. 

For convenience, let the broadcast signal be 

P(1 + M cos p^t) cos ojt 

Then co't is, as before, (coi + ^), where 

Sdj sin [p jt + gfc) __ , 

(f, _ arc tan ^ ^ cos + a*) 

provided the summation includes all tlie interfering 

voltages like 

aj. cos [(a> 4* Ph)'^ + 

which lie in the band accepted by the receiver. 

Equation (5) now becomes:— 


_ = P(1+Mcos:?9o^) cos cos {pj,t-i-<Xj,-(l)) (9.1) 

If P is large compared with the interfering voltages, 
e.g. if the ratio is greater than 20 or 30 db.. 


sm 


^ Sa,cos(p,t + a^^ cos ^ = 1 

^ P{I -P M COS p^t) 


(9.2)> 


Thus 


OT/ 

— == PM cos p^t + cos {pjf + ocjfc) 

^ , 'Sgfc s in {Pj^ + 

+ sm {pfi + oc^fc) ^ 

Considering the summation term, it is clear that the 
amplitude of each component is only affected to the 
second order, since SaJ-P is small. If the first order 
of small quantities is neglected, then 

— = MP cos p^t 4- cos (jJjfci + a*) • (9-3) 

The signal/noise ratio is the ratio of the first to the 
second of these terms. If the noise is removed, en 
the signal is correctly measured; and if the modulation 

is removed, there remains 

Sa* cos {p]f + «) 

which gives the noise correctly. _ Again, m the absence 
of a carrier, the h.f. interference is: 


is continuous near its maximum value. If an acoustic 
filter is incorporated in the Lf. voltmeter, then the 
selectivity curve of the h.f. voltmeter must be corre¬ 
spondingly modified, but the time-constants should be 
the same. It is essential that the h.f. band should be 
correctly selected in the h.f. method, but in the Lf. 
method some of the selection may be made after recti¬ 
fication without important error, although it is desirable 
that the selectivity should be attained on tbe h.f. side. 
If the spectrum were continuous and uniform, all the 
a's would be equal and the p's would be in arithmetic 
progression. If, further, the phases were equal o# com¬ 
pletely incoherent in time, the magnitude of the inter¬ 
ference would be proportional to the band width or 
integral of the selectivity curve. Since these conditions 
usually hold, it is possible to correct for a non-standard 
band-widtb by a simple multiplying factor. 

If the interfering voltage is not small compared with 
the carrier, the output can be obtained by expanding 
(9.1), and a complicated form of distortion results. It 
has already been noted that, to a first approximation, 
the amplitude of the noise terms is unafiected, a phase 
variation being superposed, so that the error at first 
increases only slowly with the relative magnitude of the 
interference. 

If there is no carrier, P is zero and only the second 
term of (9.1) remains. From (8) it is seen -^at ^ will 
pass through the various values (p^i -}- in turn, so 
that the resulting noise will contain all the inter¬ 
modulation tones corresponding to the value of {pn “ Pl^- 
Thus the character of the noise is changed from that 
when the carrier is present. However, if the spectrum 
is continuous, the same frequency band will be covemd, 
but the distribution will be different, since, other things 
being equal, the number of intermodulation products of 
a given frequency increases proportionately to the 
difierence between the upper frequency-linnt of the Lf. 
band and the frequency under consideration. Thus a 
filter mving such a weighting might be an advantage. 

Since the standard voltmeter is largely a peak volt¬ 
meter, it is of interest to consider the peak value of the 
interference in absence of a carrier. From (9.1), 


2F 


= cos [p]i 4 ocjr. — <i>) 

, ^ si n (Pfc^ 4 

^ - arc tan 

Choose the origin for time such that 




That is. 




2aj; cos [(co + pj^t + oc*] 


and it is therefore immaterial whether the 'a-f- mte 
ference in absence of a carrier is measured or tne i. . 
noise with a carrier is measured, provided a_ simii 
voltmeter is employed and provided that 1/m is much 
less than 1/pj, and much less than the c arging 
constant of the voltmeter, and also that 

Zak cos {PiJt + ^k) 

* Neglecting the constant term. 


S IlQ 
0 


= 0 


over the range selected. ^ ,-u 

Let & be proportional to the frequency of the com¬ 
ponent, i.e. Pk is proportional to fc a j 

is usually legitimate. Then, by analogy with the mtegral 

of a product, 


VoL. 83. 
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from (11), provided Wq is large. Now if is distributed 
at random, then has a most probable value of 

zero. Thus 


have the same amplitude and phase, while pj^ = Icp, since 
the interval between successive components is constant. 


Thus 


c^O c:t 'ZpjPi^ sin xj. . 
Now as 0, <f) 0, from (11). Thus 

-2F 


P. 


cos a/^. 


But, since (12) is a most probable condition, 

b 




cos [Pli + aj) 


0 


That is, 


cos {p^t 4“ 


• ( 12 ) 


0 . ( 12 . 1 ) 


has probably its maximum value, while it can similarly 
be deduced that in the same conditions (10) has an equal 
probability of a maximum value. It may therefore be. 
said that, provided the number of lines in the noise 
spectrum* is large and the distribution of phases and 
amplitudes is random, the most probable condition is 
that the noise either in presence or in absence of a carrier 
will have the same peak value and is therefore likely to 
give the same reading on the voltmeter employed. It 
is not easy to place an absolute value on this probability, 
but the deduction as regards this general case is rein¬ 
forced by the experimental fact that the carrier makes 
little di:herence in a large number of instances v/here the 
interference is of a more or less continuous nature. If 
the phases and amplitudes are equal a similar conclusion 
can be reached in a simpler manner. 

Consider the simple but frequent case of a square 
pulse where all the components near a given frequency ay 




, S sm ]cpf.t 

= arc tan ,=r- 

2j cos IcpQt 


whence 


(13.1) 


T = a[(S cos hp^t)^ + (S sin 

Pi 

” a mod. 


= a mod. 



/1 — cos i 
"" ®(^l - cosp^tj ■ • • 

where n is the number of components selected in the 
band width. 

The maximum value of ,2 F/P^^ is given by i = 0 and 
is found by determining the limit of (13.2), which is na. 
Similarly, the maximum value of 


Sa cos {ph + a))t 


is na, so that the l.f. voltmeter without a carrier will 
give an approximately correct measure of the inter¬ 
ference. 

It is clear that, in general, errors will arise from the 
omission of the carrier. These errors may be of either 
sign, but in practice the curvature of the actual detector 
characteristic exercises a general determining influence, 
such that with the carrier present the measured noise is 
greater, since the rectifier is operating over a straighter 
and more sensitive portion of its characteristic. 


DISCUSSION BEFORE THE WIRELESS SECTION, 6th APRIL, 1938 


Mr, A. H. Beimett: Some impatience has been 
expressed in the radio, the technical, and the semi- 
technical Press on the subject of radio interference. 
Some people have thought that the electrical industry 
and the radio industry should have cured interference 
long ago; but it is a very complex problem, and many 
interests have to be brought into line before a solution 
can be reached. Great Britain is as near , the desired 
result at the present time as probably any country in 
Europe. 

I am glad to be able to report from several sources that 
since the trolley-buses were put into service in North 
London, approximately 3 weeks ago, the amount of radio 
interference has been greatly reduced. There has been a 
certain amount of interference caused by the tramw^ays, 
but the trolley-buses are relative^ free. 

Mr. F. M. Colebrook: I notice that the authors use 
the term mains attenuation '* as an alternative to 
coupling factor."* Mains attenuation " has a fairly 
definite meaning, quite different from that implied in 
this paper, and I therefore prefer the use of the term 
" coupling factor." I hope that this term will be em¬ 
ployed in future if either of the terms comes into common 
use. 


Mr. R. T. B. Wynn: I cannot believe that there can 
be real contention on the question of who is responsible 
for silencing interference. The broadcasting service must 
do its part in tr 3 dng to make things a little easier for the 
other sections of the electrical industry, and vice versa. 
It is frequently stated that a great many listeners have 
decided to come on to the public supply mains because 
they want to use all-mains receivers. If they do, they 
become a market for electrical appliances, which they 
will expect to be interference-free. I should like to quote 
two figures w^hich may be of interest. Sir Felix Pole said 
recently that approximately 35 % of the householders in 
this country are not yet connected to public supply 
mains. The number of homes without wireless licences 
is about 33 %. There is a similarity between these two 
figures which points to a rather obvious moral. 

It may cause great confusion if the B.S.I. '' inter¬ 
ference-free " mark becomes optional. If Mrs. A is 
very keen on listening and wants to buy a sewing 
machine, she may think that she could not use it when 
listening, and therefore need not pay the extra half¬ 
guinea for the two condensers. But she would be very 
angry if Mrs. B were to think the same about her violet- 
ray machine. 

On page 346 of the paper it is stated that the signal 


* Corrected for the Journal. 
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{programme)-to-noise ratio so determined as correspond¬ 
ing to tlie limit of toleration was then found to be sub¬ 
stantially independent of the observer, type of pro¬ 
gramme, and type of noise. . . It is agreed that there 
is only one way to measure the strength of the wanted 
signal and that is to measure the peaks, because mean 
modulation in a broadcasting programme is so indefinite. 
Attempts to measure mean modulation have led into all 
sorts of difficulties, because, for example, we do not know 
whether to include the time when the orchestra is having 
a rest between two movements. There are other and less 
obvious factors to be considered, including the reverbera¬ 
tion of the studio. Certain programme producers actually 
use reverberation to get more of a sense of climax without 
exceeding the peak modulation levels. 

I believe that the degree of tolerable interference is 
dependent on the type of programme, and must be set at a 
ratio which will satisfy the most difficult items. There are 
certain programmes, such as a full symphony orchestra, 
which demand all the dynamic range that can be given to 
them. This must mean that the peaks occur less fre¬ 
quently, and therefore a given ratio of interference based 
on peak modulation must sound worse. The probleni is 
made particularly serious by the type of audience which 
is attracted by such programmes. Symphony-concert 
audiences go through long periods of very low modula¬ 
tion, during which they are listening very intently indeed, 
even when the orchestra is not playing, in a pause between 
two movements. I should like the authors to give a 
little further explanation for their statement that an 
acceptable interference ratio is independent of the type 
of programme. I hope that they mean the ratio must 
be set at a level which will satisfy all types of programme. 

Mr. T. H. Kinman : I find that it takes 6-8 weeks to 
train an operator in the technique of using the inter¬ 
ference measuring set shown in Fig. 2. It is not simply 
a matter of reading a meter or turning a knob, but of 
interpreting the measurement, and the ability to do this 
can come only with experience. The point that I want 
to make is that if it becomes necessary to equip every 
factory with such precision apparatus, there may be diffi¬ 
culties in finding suitable personnel to operate the testing 
equipment. 

I am surprised that the authors do not mention in 
Section (2) such potential sources of interference as the 
radio installation itself, domestic lighting and power 
circuits,' earthing conductors (when used), terminal and 
fuse boards, lamps and lamp fittings, and plugs and 
sockets. All these items are frequent sources of inter¬ 
ference of a most elusive and annoying type, and I think 
that much could be done to remove such causes of inter¬ 
ference by the more strict observance of the regulations, 
including the I.E.E. Wiring Regulations. Some radio¬ 
interference statistics recently published in America 
showed that in a certain State no fewer than two-thirds 
of the complaints arose from items on the listeners’ own 
premises, and many of the items were of the sort to which 
I have referred. 

The details given on page 380 regarding the distribu¬ 
tion of interfering sources might have been made some¬ 
what more informative, and certainly more up-to-date, 
for instance, the term motors covers a very wide 
range, from about 50 watts upwards. 


The authors treat very lightly the question of what can 
be done to correct the appliance itself before additional 
suppression is added. Practically every type of s-pps- 
ratus could be improved by some change in design or 
assembly, whereby any additional suppression require 
would be rendered easier and less costly. Even more 
important is the need for investigation into^ the many 
causes of the wide variations observed now in termina 
interfering voltages on different samples of apparatus o 
a particular t 3 rpe, which makes it difficult to suppress to 
a common denominator. I say this because the authom 
imply that certain rules can now be used for dealing with 
the smaller items. 

Mr. E. M. Lee: I want to refer to the figure ot 
500 jjiV that is laid down in Clause 2[a) of B.S.S. No. 800 

_ 1937. I have heard it suggested, particularly abroad, 

that we are being rather too ambitious; for the long 
wave band where it is most difficult and most expensive 
to apply suppression, there is a suggestion on the Con¬ 
tinent that the figure should be 1 500 /xV up to a max^ 
mum wavelength of 2 000 metres. There is not so niuc 
difference between our figure and the Continental sugges 
tion as may at first appear, because our 500 ijN applies 
up to a maximum wavelength of 1 500 metres, and is 
therefore equivalent to about 1 OOO /xV at 2 000 metres. 

We should give the present standard a good trial before 
there is any question of reconsidering it or allowing any 
tolerance. One of the authors’ slides showed that 64 ^ 
of earthed machines—i.e. machines in the most difficult 
condition—can be suppressed with condensers alone to 
200 juV asymmetric voltage. With such ^ a standard of 
suppression the worst of the machines with their worst 
adjustment after some years df wear would still give a 
figure of about 500 juV. I think that those prescribmg 
suppression should purposely put machines out of adpst- 
ment, getting the brushes in the worst possible condition 
so as to imitate the state of affairs when the machine is 

rather old, and then try to keep below 500 ^V. 

We have the difficulty that about one-third of the 
machines when earthed will not be suppressible with con¬ 
densers alone. Some electrical designers, when con¬ 
fronted with B.S.S. No. 800—1937 as recently as Novem¬ 
ber last, tried the experiment of fitting condensers and 
did not immediately get the required suppression, i 
would point out that suppression engineers who have 
been doing nothing else for 4-5 years sometimes have to 
work for days to find a way of getting down to the 
required level, but once the trick has been discovered for 
a particular machine it holds good for that machine. A 
skilled suppression engineer would not feel that his task 
was complete unless he turned out his sample machine 
with a level of 50 or 100 yN over a wave band far beyond 
the coverage of the present Specification; for, it is 
usually very little more difficult to extend the range 
down to the short and ultra-short wave bands. _ 

To make suppression most successful one must reduce 
the length of the condenser leads to J in. if possible; often 
a reduction from | in. to J in. avoids the use of chokes. 
The use of a suppressor in a flexible lead is only a tem¬ 
porary expedient to beAmployed until the manufacturer 
finds it convenient to re-design and put his condensers 
where they ought to be, namely inside the casing. 

Mr. G. A. Struthers: One curious feature of the 
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authors’ results is the great aniount of difference in the 
levels of interference produced by different machines. 
For example, with vacuum cleaners of more or less the 
same horse-power and design we get interference varying 
from 2 mV to 100 mV. Some of the more expensive 
machines give far more interference than the cheaper 
ones; actually, the most expensive vacuum cleaner which 
the Post Office ever tested had the highest level of 
interference. 

It would be worth while to investigate the reason for 
the disparity which exists between machines of different 
makes, and also between individual machines of the same 
design and made in the same way. If we confine our 
attention to a single type of motor, there seem four 
possible reasons for this disparity; namely the number of 
commutator segments, the electrical balance of the wind¬ 
ings, the mechanical balance of the machine, and, in the 
larger machines at least, possibly the question of lubrica¬ 
tion. Many portable vacuum cleaners are already too 
heavy, and if anything could be done—e.g. by changing 
the type of motor or improving the design—to avoid the 
need for suppressors, it would be of tremendous help to 
the people who have to use the machines. 

Mr.. E. A. Watson: I should like to deal with the 
question of ignition interference from motor-cars. 

Such ignition interference is primarily a question of 
interference with ultra-short-wave systems. The motor¬ 
car does not interfere with ordinary broadcast reception, 
and I do not think the paper is intended to deal with the 
question of the suppression of the ignition equipment 
of the motor-car for the sake of any radio receiver which is 
carried on the car itself. The suppression of the inter¬ 
ference vrhich the motor-car may cause to short-wave 
systems in the neighbourhood will therefore involve 
fitting suppression devices to every motor-car in the 
country, a very difficult matter involving, I should 
estimate, a capital outlay of about £2 000 000. 

The authors mention various methods of suppression. 
The ordinary method of braiding and bonding which is 
used on aeroplanes is particularly difficult to apply to a 
motor-car. On an aeroplane, which normally runs on 
full throttle, one operates with relatively short plug-gaps 
and as the plug temperatures are invariably high in addi¬ 
tion the plug voltages are relatively low, of the order of 
5 kV or less; but on a motor-car, which has to work over 
wider ranges of throttle opening with larger plug-gaps and 
in general lower plug temperatures, considerably higher 
voltages (some twice as great or even more) are necessary. 
These higher voltages may lead to a good deal of insula¬ 
tion leakage and, still worse, to insulation deterioration 
and breakdown, while the increased energy required by 
the capacitance of the braiding may lead to troubles of 
various sorts in both primary and secondary circuits. 
Fortunately, as the authors point out, in most cases 
complete suppression will not be necessary, and in many 
cases resistances in the leads will suffice, but it is not yet 
certain whether resistances can be used on all motor 
vehicles without their having some effect on the per¬ 
formance of the engine; and the public, while being quite 
willing to go to some trouble and expense to avoid inter¬ 
ference on short-wave reception, may not be inclined to 
install equipment which adversely affects the running of 
their motor-cars. 


A great measure of improvement can be obtained if the 
coil is mounted on the engine, but unfortunately the 
present-day motor-car manufacturer mounts his engine 
on rubber to make it sweet-running and then takes 
advantage of the rubber mounting by making the engine 

rough,” so that it vibrates to a serious extent. It is 
rather unfair to expect a delicate apparatus, which has to 
deliver a voltage up to 10 000 volts, to be mounted on a 
crankcase at temperatures up to 100° C. and to be shaken 
about violently and yet to have an indefinite life without 
being given any attention. While, therefore, the auto¬ 
mobile engineer is cognizant of the requirements and of 
the need for avoiding unnecessary interference with short¬ 
wave reception, I would wish to make it clear that the 
solution of the problem is not in all cases quite so simple 
as would appear at first from the paper. 

Mr. E. C. S. Megaw: I should first like to make some 
remarks on the subject of motor-car ignition interference. 
This interference reaches a maximum at frequencies of 
the order of 25-50 Me./sec., i.e. in the neighbourhood of 
the present television bands. We have found that the 
general level of interfering field-strength from motor¬ 
car ignition systems at frequencies of 300-600 Mc./sec. 
is much lower, probably 20—30 db. below the level at 
frequencies of about 50 Mc./sec. The dependence of 
ignition interference level on frequency is thus a factor to 
be considered in planning future short-range radio 
services. 

The rest of my contribution is concerned with the inter¬ 
ference from electrical therapy machines in the ultra- 
short wave band. The use of ultra-short waves for such 
purposes is increasing fairly rapidly, and for reasons which 
are partly medical and partly economic the wavelength 
of 6 m. has become the prevailing standard for much of 
this work. So far as spark apparatus is concerned there 
is very little to be done except to adopt the most complete 
screening possible. In the case of valve apparatus, which 
in this field, as in the field of communication, is gradually 
displacing spark apparatus, the problem is essentially 
simpler because the radiation is confined to relatively 
narrow frequency bands. Table A gives some data on 
the effects of different kinds of screening on the radiation 
from a 6-m. valve therapy machine. In one test a com¬ 
plete copper-sheet-screened room was tried in which the 
electrical continuity was as perfect as possible; special 
methods were used to seal the door, and there was com¬ 
plete filtering of the mains supply leads. Two methods 
were used—a completely screened isolation transformer 
and a special condenser filter. The latter, employing 
a pair of cylindrical condensers of very low residual 
inductance, was quite as effective as the isolation trans¬ 
former, and much cheaper. Another device which was 
tried was to place a strip of copper foil round the load 
circuit of the machine, with the idea of limiting and 
partially short-circuiting the radiation field. Although 
we tried several variants of that scheme, it was not very 
successful; but it might be useful for reinforcing the other 
methods of screening. Some rough measurements which 
we made of the field strength from a 6-m. electrotherapy 
machine at a distance of the order of 10 yd. come within 
10 db. of the values in Curve A of the authors’ Fig. 13, 
which is a very plausible agreement. Even with the best 
possible kind of screening, and the best possible mains 
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filtering, if the radiation from a valve machine of about 
0 • 5 kW output lies within the television frequency band, 
and there is a television receiver in the same building, 
there will in almost all cases be appreciable interference. 
On the other hand, if the frequency of any valve machine 
is outside the television band, the problem of eliminating 
interference is enormously simplified and the solution is 
quite cheap; in some cases no screening at all is necessary 
if mains filtering is provided. We found that mains 
filtering is always essential. In this connection it would 
be interesting to know the frequency of the valve set 
used in the authors’ demonstration. 

In connection with the question of frequency spacing 


facturers of such machines will confine their frequency to 
a specified band—a tentative figure of 48 to 52 Mc./sec. 
occurs to me as reasonable, but closer limits have already 
been adopted by the manufacturers with whom I am 
associated—and, on the other hand, if the designers of 
television services will regard such a band as occupied 
in making plans for future transmitters, interference 
between apparatus of this kind and television can be 
completely avoided. On the other hand, if no such 
arrangement is made, limiting by agreement the present 
legal rights of both parties, this kind of interference is 
likely to be a serious and increasing embarrassment to 
the development of television. 


Table A 

Attenuation of Radiated Field from a 6-m. 0*3-kW Valve Therapy Machine by Several Types of 

Screening Enclosure: Distance Approximately 10 yd. 


Type of screening 

Attenuatioip. 

(db.) 

Mains filter 

(1) Copper sheet, electrically continuous; door clamped to give 
contact all round 

60 

1 

! Completely screened isolation trans¬ 
former, or special condenser filter 
(2. X 0 • 006 /xF) 

(2) As (1) 

18 

None 

(3) “ Fine ” copper mesh (about 150 to the square inch), joints over- 
lapped 1 in. and soldered at about 3-ft. intervals. Screening on 
door makes contact with main screen, though less perfectly than 
in Case (1) 

30 

Partially screened isolation trans¬ 
former 

(4) “ Medium ” copper mesh (about 12 to the square inch), joints not 
soldered, window not screened 

14 

None (receiver and oscillator sup¬ 
plied from same mains) 

(5) As (4), but with window screened 

25 

None (receiver out of doors and 
supplied from separate source) 

(6) Copper-foil strip 5 in. wide surrounding patient circuit and load, 
spaced about 6 in. from patient-circuit leads and earthed to 
metal frame of oscillator 

7 

Partially screened isolation trans¬ 
former 


the properties of the radiated signal are of importance. 
Our measurements showed that very roughly the fre¬ 
quency band occupied by a 6-m. valve set working on 
unrectified a.c. anode supply is about ib 1 % from the 
carrier frequency. The attenuation to which that corre¬ 
sponds is probably between 40 and 60 db. The fre¬ 
quency-change of such machines on heating-up was in 
our sets less than 1 %. Changes due to alteration of the 
load circuit depend very greatly on the design of the 
machine, but need not exceed 1 % or 2 %, so that in 
order to avoid interference completely a frequency-spread 
of the order of a few per cent should be allowed. 

We have now to face the situation in which a large 
number of diathermy machines are operated on a 
nominal frequency of 50 Mc./sec. (How nominal that 
figure sometimes is can be realized from a case which the 
authors quote where a so-called 6-m. set gave a funda¬ 
mental frequency coinciding with the vision transmission 
from Alexandra Palace.) If we can agree that the manu- 


Mr. W. mU: In common with Mr. Kinman, I am 
very surprised at the figures for the distribution of inter¬ 
fering sources given on page 380, and particularly at the 
last two items. In my experience, house wiring is a 
much more common cause of interference than is there 
indicated. Do the authors include refrigerator motors 
under the general heading “ motors ’* ? I have found 
these motors among the most troublesome items to deal 
with. 

With regard to what the authors say on page 353, have 
they had experience of the use of insulators on power 
lines with a metallized coating ? These have been very 
successful in America. A comparison of insulators on a 
surface-resistance basis gives an indication as to which 
one is going to effect a cure of radio interference, and I 
recommend also the use of the high-frequency test. 
Many insulators have proved faulty on that test which 
can stand up to the ordinary dry and wet flashover test 
and yet be the cause of radio interference. For locating 
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any faulty insulator we Lave found the Tebo stick most 
reliable and easy to operate. In one case which came 
to my notice recently, it was suggested that there was a 
’faulty insulator on a S3-kV overhead line some 6 miles 
away ^from the wireless set which was giving trouble. 
The interfering voltage was supposed to be transmitted 
along the 33-kV line and through the transformer; but 
I did not believe this possible. I would ask the authors 
whether interference from a faulty insulator on a 33-kV 
line can be transmitted through the transformer. I 
’should have thought that the impedance of the trans¬ 
former vmuld have been too high and would have choked 
any high-frequency operation. The fault was finally 
located on the wiring next door! 

I should like to ask whether an increase in the current 
being transmitted on an e.h.t. power line does not cause 

an increase in the level of radio interference when this 
is present. 

Mr, E. L, E. Pawley: It is astonishing how little is 
known about the efficiency of receiving aerials. One 
would have supposed that every elementary textbook 
would give a chart showing the effective height and the 
impedance to be expected from every shape and size of 
receiving aerial, whether indoor or outdoor, with or with¬ 
out screened down-leads; but that is not the case. We 
know just what it would cost us to give 1 db. more 
output from Droitvdch, and the manufacturers know 
more or less what it would cost them to suppress the 
interference from a machine by 1 db.; but the listener 
as not the remotest idea what he must do to improve 
the signal/noise ratio by 1 db. 

Mr, Watson spoke about motor-car ignition systems 

not affecting ordinary broadcast reception; he must have 

been referring to broadcast reception on medium and long 

waves, because interference of this type can be very 

severe on short-wave broadcast reception. As regards 

interference with television, the authors give some figures 

for the signal/noise ratio which has been found tolerable; 

ut I would point out that the figure which can be 

tolerated depends very much on the nature of the picture, 

the type of interference, and the part of the picture which 
it affects. 

There is still a great deal of work to be done in making 
more complete our information on interference at the 
mgher frequencies. 

^ The education of the listener and of the general public 
in the matter of radio interference is of vital importance, 
n particular, listeners must be encouraged to use efficient 
aerials, and landlords must be asked not to put unneces¬ 
sary restrictions on the aerials which their tenants are 
allowed to erect. 

With regard to Fig. 7, is it an accident that the maxi¬ 
mum interference on the long wave band coincides pre¬ 
cisely with the wavelength of Droitwich ? The scale of 
ordinates gives levels in decibels above the level at 
200 kc./sec., and, this being so, I should like to know why 

the lower curve does not intersect the zero line on the 
decibel scale.* 

8 gives some useful figures of interference at 
certain frequencies caused by trolley-buses, and I hope 
it will be possible one day to extend that information to 
other frequency bands. ■ 

* Since corrected for the 


On page 367 appears the statement: For example, if 
in a given case the effective height of aerial was 1 m. and 
the mains attenuation was 37'db., a field of 1 mV per 
metre would be adequately protected from mains-bome 
radiation.’’ Now if one refers to Fig. 25 to find out 
just what that if means, one finds that in less than 
20 % of cases is the mains attenuation actually 37 db. or 
more, in all other cases it is less. Fig. 23 shows that the 
effective height is 1 m. or more in only 70 % of the cases, 
leaving SO % ^ which will get a weaker signal than the 
authors bargain for. Multiplying those two probabilities 
together, one finds that an alarming percentage of our 
8 million listeners may still be in a position to complain 
about interference, even when the limit laid down in 
B.S.S. No. 800—1937 is everywhere complied with. 

Mr. J. S, Forrest: I shall confine my remarks mainly 
to interference due to high-voltage overhead power lines. 
It is convenient to divide this type of interference into 
two main classes: (1) mterference due to abnormal con¬ 
ditions in the power network; and (2) interference under 
normal operating conditions when the overhead lines and 
associated equipment are in perfect working order. 

Abnormal interference is due to a fault on the power 
system causing a discharge which generates radio-fre¬ 
quency energy. The disturbance may be propagated 
throughout the power system, thus giving rise to wide¬ 
spread interference. In such cases, however, it is 

usually a simple matter to locate the fault and cure the 
interference. 

The type of interference which occurs under normal 
operating conditions represents a much more serious 
problem. The cause is discharges on the line insulators, 
either on the surface of the porcelain or between the 
poicelain and the conductor or insulator hardware. 
There is at present no complete cure for this form of 
interference, and it must be recognized that there is a 
certain minimum level of interference which is inseparable 
from the operation of a high-voltage overhead-line system. 
In the case of lower-voltage (e.g. 33 kV) lines, which are 
usually insulated with pin-type insulators, it is possible 
by using special types of insulator to reduce the inter¬ 
ference. The most successful type of insulator has a very 
low capacitance so that the energy in the spark discharges 
is reduced, with a consequent reduction in the inter¬ 
ference. It is not possible at present to effect any further 
improvement in the performance of the chains of cap-and- 
pin insulators employed on the highest-voltage lines. 

The characteristics of this type of interference are 
well illustrated by the data given in the paper. For 
example, from Fig. 9 it will be seen that the interference 
decreases as the wavelength decreases, and it may be 
mentioned that it is quite possible to listen to 20-m. 
American broadcasting within a very short distance of 
132-kV transforming stations. Similarly, the results 
given in Fig. 10 are borne out by practical experience; it 
is usually found that, at distances of more than 60 yd. 
from the transmission line, interference with broadcasting 
is quite negligible. The results recorded in Table 4 are 
also borne out in practice, as complaints of interference 
are^ received only under humid weather conditions. 
Incidentally, the most prolific sources of complaints are 
the newly developed housing estates in which the houses 
are built under the powder lines. It is considered that in 
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such cases the builder should provide a screened aerial 
system for the benefit of the tenants. 

In Fig. II it is indicated that the attenuation along the 
line is very small, and this suggests that the interference 
at mid-span would not differ appreciably from that at 
the tower. I should like to know whether the authors 
have made any measurements which confirm this. 

With regard to mercury-arc rectifiers, large installa¬ 
tions of rectifying equipment may give rise to inter¬ 
ference with receivers connected to the a.c. madns asso¬ 
ciated with this equipment. The rectifiers distort the 
a.c. voltage wave, the distortion usually taking the form 
of the introduction of 5th and 7th harmonics, and these 
are propagated throughout the a.c. system associated 
with the rectifiers and afiect radio sets which are not 
provided with particularly efficient smoothing equipment. 

It is satisfactory to note that overhead power lines are 
responsible for only 2 % of tlie cases of interference 
referred to on page 380, particularly as there is no 
practicable means of suppression of interference of this 
type. Regarding the investigation of power-line inter¬ 
ference, it has been found that the most convenient 
equipment consists of a standard car radio with an 
output meter and a switch to cut out the automatic 
volume control. 

Captain J. McVicar: What is the relative effective¬ 
ness of galvanized-wire netting and expanded metal for 
screening purposes, and what size of mesh of expanded 
metal corresponds to the J-in. galvanized netting men¬ 
tioned in the paper ? I should also like to know how far 
double screening is effective, and whether there is an 
optimum distance between the two screens. From the 
point of view of construction it is easier to have the 
screens close together, say within in. of each other, and 
this practice should he adopted if it gives nearly as 
efiective suppression as is obtained with the screens, 
say, 6 in. apart. 

Finally, there are two practical points which I should 
like to put. In the case of the window with mesh in the 
glass, how are the ends of the wire which come out of the 
glass bonded ? Does the means employed ensure that 
water cannot get to the mesh as it emerges from the 
glass ? I have come across an interesting case of a piece 
of wired glass which was cut with a little mesh coming 
out from the ends; it was left out of doors for 3 weeks, 
and by the end of that time, at the point of emergence 
from the glass, the wire was corroded completely through. 
Have the authors any experience of the life of wire 
netting embedded in plaster? I imagine that with 
certain types of plaster there will be no wire netting left 
after a few years, unless precautions are taken. 

Mr, F. R. W. Strafford: On page 364 the authors 
erroneously describe the mechanism of the effect whereby 
radio interfei*ence is produced by neon signs. This type 
of interference is nothing more than a relaxation oscilla- 
tion of- a type simUar to that produced by ordinary gas- 
discharge devices associated with television time-bases. 
In the simplest time-base circuit a gas-discharge tube is 
connected across a capacitance, and this parallel arrange¬ 
ment is charged from a d.c. source of supply through a 
suitable resistance. Owing to the difference between the 
striking and extinction voltages of the gas, this resistance- 
capacitance combination will give rise to an oscillation 


whose wave-form is substantially sawtoothed in shape. 
Now the equivalent circuit of a neon sign is very similar to 
this arrangement excepting that the d.c, supply isreplaced 
by an a.c. source, the resistance is the equivalent series 
resistance of the high-voltage transformer, and the capaci¬ 
tance is the capacitance of the screened cable used for con¬ 
necting the high-voltage transformer to the sign electrode. 

In earlier laboratory investigations I failed to reproduce 
the interference solely because I had omitted to include 
the high-capacitance cable in the circuit. Unbending of 
the shielding of this cable will in all cases reduce the 
interference to zero, unless, of course, the unbonding is 
accompanied by corona and other leakage effects. 

Referring to the question of radiated interference, I 
feel a little worried about the constant use of the term 
radiation '' in connection with fields of interference 
which exist close to an interfering item. At a distance of 
less than 10 yd. from an interfering item the fields are 
obviously electric (scalar) or magnetic (vector) induction 
fields, and as such cannot be referred to in terms of volts 
per metre. 

I am pleased to note the remark on page 379 that 
certain all-wave aerials with an unscreened twisted down¬ 
lead have no anti-interference properties on medium and 
long waves since their equivalent circuit is that of 
an ordinary T aerial. There have been so many 
instances of deceptive advertising claims in this respect 
that an authoritative announcement is welcome. 

Mr. O. E, Keail {^communicated): Referring to the 
theory of the signal/noise ratio in ideal receivers, given 
in the Appendix, it would appear that the application 
of the unit operator function /(i) of equation (2) to a 
signal or signals determines the average value of the 
voltage of the unidirectional pulses of high-frequency 
energy obtained as a result of rectification. This may 
differ appreciably from the audio-frequency output 
voltage obtained in practice since the analysis takes no 
account of the detector load (or, alternatively, assumes a 
load without time-constant). 

This omission may result in an estimate of signal and 
noise outputs differing appreciably from the actual out¬ 
put at the detector load terminals. For instance, the 
behaviour of the detector and its load at the beat fre¬ 
quency pl{ 27 r) is of some importance, for if the time- 
constant of the load (or the beat frequency, whether 
outside or inside the audio spectrum) is such that the 
detector cannot follow the beat-frequency variations, the 
noise will be much reduced and demodulation will not 
occur, with the result that actually a better signal/noise 
ratio is obtained than is indicated by the theory. 

I would draw attention to an error in the last term of 
equation (4), which should read P^cos {ojt -{- 

Mr. H. K. Robin [communicated ): The paper contains 
no reference to the suppression of interference at the 
receiver, other than a brief description of all-wave 
antenna systems. The type of interference to which I 
refer is that which persists when the aerial has been 
removed and the receiver left at full sensitivity. I have 
been associated with some measurements on this type of 
interference, and would put forward the following 
description and results for the comments of the authors. 
The mains interference voltage is considered to exist 

♦ Since corrected for the Journal. 
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between both conductors and earth, i.e. the asymmetrical 
condition as described by the authors is assumed to exist. 
The method of entry into the receiver of this voltage is 
interesting and is not usually of the electromagnetic 
induction type but of a capacitive nature. Referring to 
Fig. A, the noise voltage is communicated to the 
chassis of the receiver by the various stray capacitances, 
together with a capacitance usually added with the 
intention of reducing mains noise; thus there now exists 
a second and somewhat smaller voltage between 
chassis and earth. If now the high-voltage end of the 
first tuned circuit has any small stray capacitance to 
earth, then a third voltage Fg will appear by simple 
potentiometer effect across this tuned circuit, so produc¬ 
ing a noise voltage which is amplified through the 
receiver and subsequently heard in the loud-speaker. If 
the stray capacitance from the high-voltage end of the 
first tuned circuit is made to chassis entirely, as opposed 
to earth, then no noise voltage will appear across the 
tuned circuit. 



Various receivers were modified .to fulfil this 
condition, and the following results were obtained: 
Receiver A, 30 db. improvement; Receiver B, 24 db. 
improvement; Receiver C, 40 db. improvement. In 
view of these results, we have tentatively instituted a 
new receiver measurement which we call the “ sensitivity 
via the mains. It is rated as usual in microvolts for 
50 mW audio-frequency output. 

The method of measurement is, briefly, as follows: 
The signal generator is connected to the mains cord 
through an impedance (usually 100 ohms) simulating the 
source impedance of asymmetrical mains, and the input 
from the generator adjusted to give 50 mW audio¬ 
frequency output when the signal carrier is modulated 
30 % at 400 cycles per sec. 

Would it not be a useful inclusion to the usual standard 
receiver measurement, as recommended by the Radio 
Manufacturers' Association, if standardization on 

sensitivity via the mains " were added ? 

Mr. A, J. Gill and Dr. S. Whitehead (m reply ); 
Degree of Protection. 

As regards the degree of protection envisaged, raised 
by Messrs. Lee, Pawley, and Wynn, the following general 
considerations should be remembered. The C.I.S.P.R. 
have only considered so far the correction of non-earthed 
apphances. B.S.S. No. 800 applies to an item tested in 
the earthed condition if it can so be used. Accordingly 
the 500 juV corresponds to a limit of 200 ju,V or less for 
non-earthed appliances. Since the chance of an appliance 
being used in the earthed condition is at present only 
about 1 in 10 or 1 in 5, since manufacturers must suppress 
to a lower level in order to avoid rejections, particularly 


at the low-frequency end, and since a number of appli¬ 
ances are inherently non-interfering, it is clear that only 
a small proportion will have an interfering voltage as high 
as 500 yCV. 

Next there is the joint probability of such a machine 
being connected at the supply point which has the high 
coupling factor and of the receiver at the other end being 
simultaneously operated. It is very difficult to assess the 
final resultant probability, except to say that it must be 
very low. In a rough calculation made last year by one 
of us it was estimated that 96 % of listeners should be 
protected at present by a 500 pN limit with respect to 
a field of 1 mV/m., and substantially 100 % with respect 
to 10 mV/m.; but it is almost certain that the first estimate 
is pessimistic, and it is safe to say that the number of 
complaints should, although not eliminated, be very con¬ 
siderably reduced by the adoption of the present 
proposals. 

It appears, from the analysis of certain test areas, that 
wireless licence-holders and electricity consumers are 
substantially the same people. To some extent there¬ 
fore the remedy is in their own hands, and if, as seems 
likely, B.S.S. No. 800 is voluntarily adopted by most 
manufacturers, it should require comparatively little 
publicity to educate the public to require in their own 
interests the radio-interference-free mark. The Wireless 
Telegraph Bill now in preparation will no doubt provide 
some degree of compulsion, but the effectiveness of the 
measures will ultimately depend to some extent on the 
co-operation of the public with the manufacturers who 
are applying correction. 

Domestic Appliances. 

In connection with power-operated domestic appli¬ 
ances, mentioned by Messrs. Hill, Kinman, Lee, and 
Struthers, the majority of small motors do not exceed 
a rating of 500 watts. Vacuum cleaners and polishers are 
by far the most numerous and, with hair-dryers and fans, 
cover the great majority. The use of refrigerators is, 
however, developing, and it is usually found that inter¬ 
ference due to the thermostat relay is more difficult to 
s'^PP^^ss, the motor following known principles. 

The effect of the design of the appliance on the inter¬ 
ference is complicated, although certain gross defects such 
as maladjustment of brushes, certain types of bad com¬ 
mutation, and fortuitous connection of parts, are known to 
increase the interference. A weU-made motor should not 
vary greatly until its brushes are worn to the point of re¬ 
quiring replacement and/or ad j ustment for efficient running. 

A manufacturer can only guarantee correction under 
the same terms as any other standard of quality, and it 
is therefore impracticable to envisage other than normal 
conditions of good usage. Apart from certain simple and 
avoidable causes of variation, the dispersion of mass- 
produced articles follows, according to recent tests, a 
more or less normal law, when the voltage is expressed in 
db. above 1 pSf] and the standard deviation usually lies 
between 2 and 4. The number having a voltage 5-6 db. 
above the mean is usually less than 1 %. The high- 
frequency as 3 ?mmetry of the machine has a considerable 
influence on the interfering voltage, and this asymmetry 
is dififfcult to reduce for a wide frequency band because it 
arises from distributed constants. Re-arrangement of 
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windings is sometimes useful, but is not easy to apply to 
multiple-speed machines. The iron-cored chokes re¬ 
cently developed show a considerable economy in size and 
weight and should not be a great inconvenience in those 
instances where the high-frequency impedance of the 
item is inherently so low as to render them necessary. 

We ag:ree with Mr. Colebrook that the term “ mains 
attenuation is likely to be misleading and we have 
amended it for the Journal. 

Methods of Measurement. 

We agree vdth Mr. Wynn that the tolerable signal- 
noise ratio must ultimately depend on the type of pro¬ 
gramme, but the listener also enters into the question and, 
in addition to the C.I.S.P.R. tests, subsequent tests lead 
to the result that the variation of the mean of a number 
of observers between different types of programme is less 
than the variation between different observers for the 
same type of programme. To obtain a complete solution 
would involve a lengthy and expensive study, as in the 
analogous case of telephone interference, but it is difficult 
to see what method of assessment is possible other than 
that adopted. 

In answer to Mr. Strafford the approximate equality of 
electric and magnetic vectors has been shown for short¬ 
wave and ultra-short-wave interference; oh the medium- 
and long-wave bands, a statistical connection has been 
made for trolley-buses between the radiation field at a 
distance and the indication of the standard measuring set 
at 10 yards. For lifts, attention has been drawn to the 
fact that the conception both of the interfering and of 
the broadcast fields inside a building is artificial. The 
distance of 10 yards was chosen largely for convenience 
in testing, and the indication is a standard of quality 
associated with the defined measuring set rather than an 
absolute measure. The resulting difficulty is mainly 
associated with the relative liability of receivers to inter¬ 
ference, and the open aerial used in measurement is the 
more common in normal reception. 

In reply to Mr. Keall, operation by f{t) gives the instan¬ 
taneous value of the resultant of the action of an inter¬ 
mittent conductor such as rectification is assumed to be; 
the load in the detector is assimilated in the filter network 
constituted by the low-frequency stages. The time- 
constant of the detector should, in so far as it may 
modify the audio-frequency response, be corrected by the 
later low-frequency stages if ideal rectification is to occur. 
The conditions of operation of the detector cannot differ 
greatly as between noise and signal, since these conditions 
are determined in both cases by the carrier, which is 
assumed to be large compared with either the noise or the 
modulation. The analysis does not apply to all those 
departures from ideal rectification, which can, never¬ 
theless, give reasonable reproduction. 

Miscellaneous Sources. 

We are glad to hear from Mr, Bennett of the success 
with trolley-buses; trams, being obsolescent, are not 
always corrected. The error in Fig.^ 7, noted by Mr. 
Pawley, has now been corrected. 

With reference to neon signs, if Mr. Strafford's objec¬ 
tion is to the statement that current passes only during 
part of a cycle, this feature has been observed in actual 


oscillograms. While agreeing that relaxation oscillations 
can be stimulated in the way he describes, oscillograms 
have also shown, on occasion, damped trains of waves of 
the type associated with the spark excitation of a 
multiple resonant circuit. 

In reply to Messrs. Forrest and Hill, new designs of 
insulator show distinct promise, and the types mentioned 
and others may prove advantageous both as regards 
normal use and also in avoiding interference. As may 
be seen from the values quoted, the field from overhead 
lines is such that interference should only be experienced 
in close proximity and may be expected to be rare, since 
such lines are mainly confined to the open country and 
avoid roads. The current transmitted has little effect on 
the interference. It is unlikely that interference is trans¬ 
mitted through a high-voltage transformer, although this 
is possible under some conditions. Distortion in the a.c. 
supply due to mercury-arc rectifiers is not really a radio 
problem. It is, nevertheless, very troublesome and 
difficult to remove. The best measures are to make the 
capacity of the system large compared with the rectifier 
load (load mixing), to augment the number of phases on 
the rectifier, to interpose as many transformers as possible 
between the rectifiers and the domestic supply, and, 
finally, to use filter networks, etc., which are often either 
inefficient or uneconomic. 

Short-Wave Interference. 

In reply to Mr. Megaw the oscillograms of the current 
in the automobile ignition discharge, now incorporated in 
the paper, agree more or less with the maximum observed 
in the field strength between 40 and 50 Me., and also 
confirm his statement that the field strength decreases 
considerably for still higher frequencies. We appreciate 
with Mr. Watson the difficulties in the correction of 
motor cars, but there are a number of possible alter¬ 
natives, such as to mount the coil on the engine or other¬ 
wise to provide a low-impedance path to the chassis, 
partial screening, resistors, inductors. It should be 
possible to find an economic solution in a given case, 
although much development work remains to be done. 

Although ignition interference is more widespread, 
short-wave therapy constitutes the more troublesome 
problem, but is fortunately limited to certain centres and 
is intermittently operated. The allocation of certain 
wavelengths has not been officially proposed, but there 
is no doubt that a great amelioration of the position 
could, at least temporarily, be achieved. The medical 
profession is not, however, decided as to the frequencies 
which are required, and frequency indicators of sufficient 
accuracy might prove expensive. Screening can be 
made effective and portable screens are available abroad, 
but, even if the latter are satisfactory, treatment of a 
bed-ridden patient will still prove a difficulty. 

The data given by Mr. Megaw are very interesting, and 
it may be mentioned that quite detailed rules have been 
drawn up in Canada to deal with electromedical 
appliances. 

In reply to Captain Me Vicar, expanded metal is more 
efficient than netting, but the size of mesh cannot be 
greatly increased owing to the need for the elementary 
circuits to be of small linear dimensions. For a wide 
range of frequencies little advantage is to be anticipated 
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from double screening; it is usually more economic to 
employ the metal in a single continuous screen. Double 
screening can be disposed for optimum effect, but this 
depends in a complicated manner on the disposition, 
nature, and frequency of the radiating source. Window 
mesh can be bonded by a press joint to the frame and 
the whole sealed with cement; unfortunately, it is difficult 
and costly to pass it through a slot and to plumb or sweat. 
Well-galvanized metal has an indefinite life in dry plaster, 
but corrosion is likely in damp situations. Corrosion 
is much accelerated by stray currents, especially in 
concrete, so that circuits formed by dissimilar metals 
closed through the surrounding medium should be 
avoided. 

Measures at Listeners' Premises. 

In reply to Messrs. Kinman, Hill, Pawley, and Robin, a 
B.S. Specification for the sensitivity of receivers to inter¬ 


ference, the means to reduce this, and the standards to 
be attained, is now in draft form. Section 3 of the paper 
gives a few general principles, but it was felt to be 
premature to deal with all aspects and the issue of the 
Specification must be awaited. The points raised will, we 
believe, be adequately treated therein, and the standard 
envisaged will make a not unreasonable distribution of 
the burdens as between the parties concerned. The trouble 
mentioned by Mr. Robin is related to incorrect or defective 
earthing. The Specification mentioned will contain direc¬ 
tions as to earthing, a test of sensitivity to interference at 
the supply terminals, and a test of the efficiency of filters 
in reducing this. 

Defective wiring is sometimes a cause of trouble, but the 
chief difficulty, high coupling factors, can occur with 
sound wiring. It has been decided that it is not econo¬ 
mically possible to include the correction of ordinary 
lighting or power switches. 
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INTRODUCTION 

Most of the technical problems which have been en¬ 
countered in the development of radiotelephony over the 
past two decades have arisen in one way or another 
from the necessity of overcoming noise and distortion, 
two fundamental hazards to telephone transmission. 
Great research and development effort has been directed 
toward increasing the power of transmitters and sharpen¬ 
ing the selectivity of receivers, simply because these are 
straightforward ways of reducing noise. In like manner 
the amplitude and frequency-response characteristics 
have been studied because perfecting them reduces dis¬ 
tortion. In some applications of radiotelephony remark¬ 
able quietness and fidelity can now be secured. But in 
short-wave long-distance service there remain noise and 
distortion of serious proportions which have their genesis 
in the vagaries of the transmission medium itself and can 
best be mitigated by attack upon that part of the system. 

One of the earliest weapons used in the attack on the 
medium was directivity—transmitting directivity to con¬ 
centrate sending power, and receiving directivity to 
exclude circumjacent interference. Strangely enough, 
the newest and most potent weapon brought to bear is 
again directivity, still sharper directivity, but accurately 
controlled in accordance with a novel pattern built up by 
patient research. 

DIRECTIVE ANTENNA RESEARCHES 

Short-wave directive antennas had not long been in use 
before it was observed that the improvement they give 
must be viewed as a statistical average rather than as a 
fixed value. Occasions were noted when the gain of a 
directive antenna as compared with a simple doublet was 
much reduced; in the case of the sharpest receiving 
antennas the gain might even become negative, as though 
the antenna were not pointed in the right direction at all. 
This was taken as evidence of some sort of variability in 
the angle of approach of the signal, and as a warning that 
there were practical limits to the sharpening of directivity. 
Also it was found that the character of the fading and of 
the accompanying distortion might be different on dif¬ 
ferent antennas; a further indication of idiosyncrasies in 
the directional behaviour of the signal. 

That antenna directivity affected fading and distortion, 
and that multiple paths of different transit times might 
be involved, were remarked by C. S. Franklin in 1922 
while describing before this Institution some early short¬ 
wave directive experiments of the Marconi Co. T. L. 
Eckersley had already presented proof that ionosphere 
reflections could explain night errors of radio direction¬ 
finding. A few years later Appleton and Barnett, and 
various other experimenters, settled beyond ah doubt the 
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reality of overhead reflections and of multiple, differenti¬ 
ally delayed wave components. It also became better 
recognized that the ground, by reflecting downcoming 
sky-wave components back up into the antenna, modifies 
its theoretical '' free space ** vertical directive pattern, 
giving it, in the usual case, an upward tilt. 

While it may thus be said that more than ten years ago 
the existence of a relation between antenna directivity, 
signal gain, and distortion, was generally understood, this 
understanding was of limited practical value and needed 
to be implemented by more specific information. 

In a series of tests made in 1933 with the kind co¬ 
operation of the British Post Office,i spurts or pulses of 
short-wave radiation sent out from Rugby, England, 
were received at Holmdel, New Jersey, U.S.A., on a simple 
form of directive antenna system capable of determining 
the angle, in the vertical plane, between the ground and 
the incoming ray. By displaying the received signal on a 
cathode-ray oscilloscope, the number and character of 
arriving pulses could be seen and recorded. Definite and 
useful facts were established as follows:— 

(1) More than one pulse was usually received and the 

pulses came in at different tiineSj that is they took 
different lengths of time to travel from their 
common source. 

(2) The pulses came in at different angles to the earth, 

(3) There was a correlation between the times and the 

angles; the longer the transit time the higher the 
angle of the trajectory. 

(4) The conditions on the individual paths were fairly 

steady and not subject to fast variations. 

These are the conditions which might be expected if 
the ideal picture of wave paths shown in Fig. 1(a) were 
actually to occur in nature. Fig. 1(6) shows how an 
ordinary simple directive antenna is broad enough in its 
vertical characteristic to receive several wave components 
at once. It is well known that the interaction of such 
wave components produces selective fading and the 
various forms of distortion resulting from it. Evidently 
any change in the antenna which modifies its directivity 
in the vertical plane would affect the nature of the 
selective fading. 

To take advantage of the opportunities offered by this 
situation, a system known as a musa(multiple-unit 
steerable antenna) has been developed by Messrs. H. T. 
Friis and C. B. Feldman* and their associates at the Beil 
Telephone Laboratories. The principles of the experi¬ 
mental musa system in use at Holmdel, New Jersey, 
are shown schematically in Fig. 2, although many im¬ 
portant apparatus details are omitted. Six horizontal 

* See Reference (1). 

5] 
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rliombic antennas, arranged in a linear longitudinal array, 
are connected by coaxial lines to six phase-shifters whose 
outputs are combined. The phase-shifters are mechani¬ 
cally geared together in such a way that by turning a 



TRANSMITTING STATION, (o) IDEALIZED RECEIVING STATION, 

ENGLAND WAVE PATHS U. S. A. 



(b) VERTICAL PLANE DIRECTIVE PATTERNS 

(not drawn to scale) 

Fig, 1,—Physical basis for “musa” method. 

i 

single control the sharp directivity given by the array 
may be aimed or steered at any desired vertical angle 
within the range of the unit antenna characteristics. As is 
suggested by the diagrams in Fig. 1, the array is so sharp 
that it may be steered to select one incoming signal ray 


a voltage-divider device for furnishing a linear horizontal- 
sweep voltage to a cathode-ray oscilloscope tube. The 
detected output of this branch of the receiving system 
is applied to the vertical deflector plates of the tube. The 
screen has a slowly decaying phosphorescence and 
exhibits, for each rotation of the phase-shifter gear, a 
curve of the relation between signal strength and angle 
to the earth in rectangular co-ordinates. In this way 
the angles at which the most effective rays are arriving 
can be observed, and the other two receiving branches 
may be set to receive any two desired rays. 

The output from each such branch is found to be 
subject to considerable fading, but it is a much less 
selective fading than occurs with an ordinary directive 
antenna. For combining the outputs of the two branches, 
to gain the advantage of diversity, it has been found 
sufiicient merely to introduce an audio-frequency delay 
into the branch receiving at the lower angle, to adjust 
the value of this delay until the two audio signals are in 
phase, and then to deliver them both to a common output. 
The delay adjustment is facilitated by a second cathode- 
ray oscilloscope which has the outputs of the two branches 
connected, respectively, to its two pairs of plates. Correct 
delay adjustment produces an inclined line on the screen, 
while for incorrect adjustment a maze of irregular circles 
and ellipses is seen. 

Two definite improvements are given by musa 
receiving: (1) The sharp directivity of the receiving 
branches excludes noise not arriving at the same angles 


PHASE 



Fig. 2.—Simplified diagram of experimental “ musa ** system. 


from another and in this way to receive only signal com¬ 
ponents of about the same arrival time. 

The antennas feed, in parallel, three separate phase- 
shifter groups, so that three independent outputs, steered 
for three different receiving angles, may be secured 
simultaneously. One of the phase-shifter groups is 
rotated continuously by a motor, to which is also attached 


as the received signal components being selected; (2) the 
separation of the differentially delayed waves and the 
correction of delay before the components are permitted 
to combine, reduces selective fading and distortion. In 
the experimental system at Holmdel 7 to 8 db. improve¬ 
ment in signal-to-noise ratio is realized and the reduction 
in distortion is frequently quite marked. 
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CURRENT RESEARCHES IN DIRECTIVITY 
With these favourable results from employing sharp 
steerable directivity at the receiver, it is natural to reason 
that similar control of directivity at the transmitting end 
might be beneficial. To explore this possibility a series of 
transmissions is being sent from Deal, New Jersey, using a 
simple array of two antennas whose vertical directivity is 
varied cyclically so as to sweep a null point in the polar 
radiation diagram repeatedly through a range of vertical 
angles. Engineers of the British Post Oifice are co¬ 
operating by receiving and recording these signals. Not 
enough data have been analysed to justify any conclusions 


scattered through a considerable range of angles around 
the great-circle direction to the transmitter. Following 
this lead, directional studies are now being pushed into 
the horizontal dimension, and strildbug data are being 
secured with a musa system comprising a broadside 
array of receiving antennas arranged for sharp steerable 
directivity in the horizontal plane. 

In this work we have not only observed the trans¬ 
atlantic telephone transmissions from the Rugby station 
of the British Post Office, but also have found a special 
advantage in the transmissions of the British Broadcast¬ 
ing Corporation from Daventry, because of the variety 



Fig. 3.—Diagram of conditions experienced on the 23rd November, 1937. 


but there is found, as one might expect, a suggestion that 
these east-bound signals follow paths related to the west¬ 
bound signal paths which are contemporaneously ob¬ 
served by means of the musa receiver at Holmdel. 

While the experiments with the musa ” receiving 
system have been most gratifying, it has been true that 
at times the conditions existing seemed to be far from 
those shown in the ideal diagram of Fig. 1, and the 
system was unable to cope with them satisfactorily. The 
evidence, both from the musa tests and from reports 
of other experimenters, gave ground for suspicion that the 
difficulty lay, not in unusual behaviour of the wave paths 
in the vertical plane, but in anomalous performance in 
the horizontal. At times of severe and very fast fading 
(flutter fading) observations with simple direction-finding 
equipment indicated a shower of wave components 


of transmitting directivity used. Frequently there is 
simultaneous sending of the same programme in difiPerent 
directions, on different antennas, but on the same fre¬ 
quency. The B.B.C. have been most kind in giving 
advance information on schedules, antennas, etc. For a 
comprehensive discussion of this horizontal directivity 
study I must refer to a recent letter to Nature and to 
a forthcoming paper in the Proceedings of the Institute of 
Radio Engineers, both by Mr. C. B. Feldman.* I would 
like to mention, however, a few examples of the kinds of 
conditions which have been observed. 

When the path between England and the United States 
is entirely in daylight, the transmission along the great- 
circle route is always predominant. This seems to be 
as true during the abnormal ionosphere conditions 

* See Reference (2). 
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associated with solar disturbances as it is in normal 
times. 

^ When^ there is darkness, or partial darkness, on the 
intervening space, the great-circle route no longer pro¬ 
vides the sole transmission path. Frequently there are 
also waves ^riving at other azimuths. 

In a considerable number of instances it has appeared 
as though the ionosphere were warped, there being 
definite shifts of the direction of wave arrival, sometimes 
to the north and sometimes to the south, with little regard 
to the transmitting directivity. 

In magnetically disturbed evening periods great-circle 
paths appear to be attenuated so much that more southern 
routes often seem to provide the principal means of 

transmission, even in the case of transmissions directed 
sharply at New York. 

On the afternoon of the 23rd November, 1937, during a 
moderate ionosphere disturbance, occurred the peculiar 
circumstances illustrated by Fig. 3. Transmission 4B 
from Daventry employed two synchronized transmitters, 
radiating from separate antennas, on 11 750 kc./sec. One 
was directed at 6° north and the other at 28° south of the 
true direction to New York. At Holmdel two distinct 
incoming wave paths were observed, one 4° north and the 
other 12° south of the great-circle direction to Daventry. 
Using the broadside musa system these could be 
separately received. There was a transmission time 
differential of 1 • 4 milliseconds between the two paths, the 
southerly path being longer by this amount. 

Much greater deviations have been noticed. For 
example, at one time during disturbed conditions on the 
28th May, 1937, the strongest and steadiest component 
was 50° to the south of the great circle. A somewhat 
weaker 5° northerly path also existed. 

Although southern paths are usual, they are not always 
predominant. In the severe magnetic disturbance of 
16th-25th January, 1938, marked southern deviations 
occurred as the magnetic storm developed, and as it 
receded, but for the period of its greatest intensity a 
somewhat northerly path was much the most prominent. 

Many observations of this sort have been made, and 
theories to explain them have been formulated, but it is 
too early to draw practical conclusions. There must be 
admitted, however, a strong implication that wide-range 
azimuthal steering of both transmitting and receiving 
antennas holds promise of improving transatlantic circuits 
during afternoon and evening hours, particularly when the 
ionosphere is abnormally disturbed. 

SPEECH-CONTROLLED DEVICES 
Turning now from directivity to a still older principle 
for reducing noise interference, I -wish again to discuss 

some recent developments. 

^ The oldest and most direct method of improving 
signal-to-noise ratio is to boost the signal by increasing 
transmitter power capacity. When the capacity has been 
raised to a technical or economic limit, the ingenuity of 
the engineer is taxed to devise other ways of still further 
increasing speech power output. One of the most effec¬ 
tive of these methods, single-sideband transmission, I 
shaU deal with later. For the moment I wish to consider 
methods which modify the amplitude characteristics of 
the speech signal at voice frequencies. Time will permit 


only a superficial and merely illustrative excursion into 
this subject.* 

Even when there is little inflection in speech, the 
maximum voltages from a microphone may be as much 
as 30 db. (30 times amplitude) higher than the significant 
voltages- generated by the weakest sounds. Among dif¬ 
ferent combinations of talkers and connecting lines there 
may be an additional range of variation of over 40 db. 
Thus, in commercial systems, a spread of something like 
70 db. may actually be encountered between the weakest 
and the strongest currents it is desired to transmit 
satisfactorily. The usual way of ironing out the worst 
of these variations is through manual control of gain by a 
monitoring operator. The louder conversations or pas¬ 
sages of a conversation are depressed, to avoid overload- 
ing, and the weaker ones are raised to override the noise. 
Although it makes a large first-order improvement, this 
method is obviously incomplete and has all the uncer¬ 
tainties introduced by the human element. The first 
important improvement to go into commercial radio 
telephone use was the “ compandor,** which has operated 
successfully for some years on the New York-London 
long-wave circuit. 

The compandor does not attempt to substitute for the 
operator in adjusting the general level of speech; it per¬ 
forms a quite different function which the operator cannot 
possibly do. The compandor comprises two pieces of 
^PP^^^tus—a compressor at the transmitting end and an 
expander at the receiving end of the radio channel. The 
compressor is a voice amplifier with a fast-acting auto¬ 
matic gain control, which smooths out the speech syllable 
by syllable and reduces or compresses ** to one half (as 
measured in decibels) the range of amplitude variation of 
signals passing through. If the signal thus compressed is 
used fully to load a radio transmitter, the average volume, 
and in particular the weakest parts of‘the signal, will be 
transmitted at higher level than if no compression had 
been applied. The weaker sounds in this way override 
noise more satisfactorily. 

At the receiving end the expander has a sort of negative 
automatic volume control action which doubles (in 
decibels) the range of variation of signals passing through 
it. It undoes the work done by the compressor, and 
expands the speech signal to its original volume range. 
The net result is an improvement in average signal-to- 
noise ratio, with no net change in the nature of the signal. 

Since the action of the expander is controlled by the 
variations of received speech signal itself rather than by 
a separate pilot channel, spurious changes in intensity 
caused by fading cannot be distinguished from real 
signal characteristics and are also exaggerated or 
expanded.'* For this reason the compandor has not 
been applied to short-wave circuits. A compressor alone 
is of some value but has not been commercially applied. 
The expander, used alone at the receiving end, has a 
certain beneficial effect, and there has been developed a 
limited range expander, sometimes called a “ noise re¬ 
ducer," which is better adapted to produce this effect. 

The noise-reducer is representative of a class of devices 
employing a marginal or threshold characteristic. Three 
different adjustments available in one model of noise- 
reducer are illustrated by the three curves of Fig. 4. At 

* See Reference (3 . 
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small values of input, that is for small amounts of noise 
appearing in the otherwise silent intervals between words 
or sentences, the gain, and consequently the output, is low. 
Inputs of higher value cause the gain to rise more or less 
abruptly to normal value, and full output on actual 
signals is secured. It is inevitable that some of the weak¬ 
est parts of the speech will fail to actuate the gain- 
increasing function and will be lost. If the marginal 
operating point of the control circuit is correctly adjusted 
a little above the prevailing noise level, the speech which 
fails to actuate the control will be so near the noise level 
as to be of small value in any event. 

While the operation is clearly one of separating the 
received signals and noise on an amplitude basis, it should 
be carefully noted that no discrimination is ever achieved 
between signals and noise which occur simultaneously. 
The action is simply to suppress both the noise and those 
speech sounds which are submerged in it. The noise- 
reducer is at a disadvantage when placed on the output 



1000-CYCLE INPUT IN DECIBELS 
(relative to 1 MILLIWATT) 

Fig. 4.—Performance curves of a noise-reducer for three 

different adjustments. 

of a circuit subject to fading, because the best margin 
setting then is not a fixed value but differs from moment 
to moment; hence a compromise adjustment must be 
used. 

Smoothing out volume variations is a problem upon 
which important progress is being made. We now have ‘ 
volume-limiters which prevent excessive amplitudes with¬ 
out the distortion caused by the old-fashioned peak- 
chopper or amplitude-limiter. A volume-limiter has a 
fixed gain and a linear relation between input and output 
as long as a selected limiting value of volume is not 
exceeded. For inputs beyond this limit the gain of the 
device automatically drops rapidly enough to prevent 
more than a momentary transient increase of output. 
The characteristic is again linear at. the reduced gain. 
The gain returns gradually to normal after the excessive 
input has ceased. The oscillograms in Fig. 5 show how a 
particular volume-limiter reacts when the input is sud¬ 
denly increased 10 db. above the limiting value. 

In America, volume-limiters of appropriate charac¬ 


teristics are being employed commercially in diverse 
fields; in radio broadcast transmitter input control, to 
prevent overloading and permit increasing average pro¬ 
gramme level; in multiplex wire carrier telephony, to 
reduce interchannel interference by limiting speech peaks 
on the individual channel inputs; in short-wave trans¬ 
atlantic single-sideband circuits, to supplement receiver 
automatic gain control in reducing volume variations. 

The volume-limiter curbs excessive upward variations 
in volume, but as ordinarily used has no efiect upon 
undesirably low volumes. One kind of device which 
accomplishes both these things has been called a “ vogad,'’ 
a S3mthetic name derived from the wordsvoice-operated 
gain-adjusting device.’^ It attempts to do all that a 
monitoring operator can do by his listening and by his 
adjustment of a gain control, and in addition has a certain 
amount of volume-limiter action. It has two interlocked 
control circuits. One samples the input speech, and if 
the volume is low it operates to raise the gain. The other 
control samples the output speech, and if the volume is 
up to the desired level it operates to disable the operation 
of the first control circuit. If the output volume is 
already above the desired level the second control circuit 
acts further to decrease the gain. In the case of sudden 
loud sounds the volume-limiter feature becomes effective 
until the slower controls can come into action. Except 



INPUT OUTPUT 


Fig. 5.—Oscillograms showing action of a volume-limiter. 

for this volume-limiter function a vogad does not 
" compressthe speech, that is, it makes substantially 
no alteration in the moment-to-moment ratios between 
maximum, minimum, and average voltages of the speech 
signals. It simply readjusts the gain setting, when 
needed, to compensate for changes of input volume,and 
thus maintain a practically constant output volume. It 
has the important feature that its gain does not change 
during pauses in the conversation. The gain remains 
. where it was left by the last words passed, and awaits a 
, recommencement of the talking. 

Tests of vogads as against human control on trans¬ 
atlantic circuit operation have shown favourable results. 
In a ship-shore radiotelephone station under construction 
at Norfolk, Virginia, a vogad will be employed ex¬ 
perimentally to take over the job of regulating volumes 
into the radio transmitter. 

SINGLE-SIDEBAND TRANSMISSION 
Single-sideband transmission offers a way of reducing 
noise and distortion in short-wave telephony which is 
destined to be of increasing importance., 

The single-sideband method, invented in 1915 by John 
R. Carson, was used in 1917 in wire carrier systems, then 
considered ” high frequencyalthough the highest band 
was less than 50 kc./sec. Its application to radio came 

* Volume as defined by the -well-laiown. class of visual-reading meter devices 
called “ volume indicators.” 
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10 years later, in the first commercial transoceanic circuit 
between New York and London. This circuit operates 
at about 60 kc./sec. and, like the wire systems, employs 
single sideband with complete suppression of the carrier. 

There are two well-known advantages in this method of 
transmission as compared with ordinary modulated 
carrier or double-sideband transmission. The first, which 
is a matter of amplitudes, is that the output of efiective 
signalling power from the transmitting system can be 
multiplied by four (raised 6 db.) if the carrier is dropped 
out and all the power of the amplifier is put into the side¬ 
bands. The second advantage has to do with band width. 
By eliminating one sideband and concentrating all the 
power in the remaining sideband, the occupied band is 
cut in half and the signalling power per kilocycle is 
doubled. Assuming that noise is uniformly distributed 
in frequency and that the receiver is selective enough to 
exclude all noise except that lying directly in the single 
sideband intermixed with the signal, an improvement of 
3 db. is secured. This makes a total net improvement of 
9 db. in signal-to-noise ratio—6 db. at the transmitter 
and 3 db. at the receiver. 


effect has been noted. The carrier is separated from the 
sideband by passing it through a narrow crystal filter 
about 40 cycles wide. If, instead of a carrier, a sufficient 
amount of valve noise or resistance noise is impressed on 
the input of the filter, its output is still capable of demo¬ 
dulating the speech sideband with little loss of intel¬ 
ligibility, although the detected speech has a peculiar 
gurgling quality. The resistance-noise impulses have 
been drawn out by the filter into long transient oscilla¬ 
tions of carrier frequency. As might be expected, the 
gurgling becomes slower if the filter is narrowed still 
further. 

MULTI-CHANNEL PROBLEMS 
To secure more efficient use of frequency space in the 
radio spectrum, it is desirable to progress in the direction 
of close-packed, grouped channels. In wnre and coaxial 
systems large numbers of telephone channels are sent in a 

A B C ~ 

FUNDAMENTALS ■ 

2A-B 


Theoretical analysis of the virtues single-sideband 
transmission might have where selective fading is present, 
and experimental testing of its performance on a trans¬ 
atlantic short-wave circuit, were carried out about 10 
years ago, but it was not until more recently that complete 
systems suitable for commercial use were brought for¬ 
ward. In reporting the early experiments it was con¬ 
cluded that single-sideband suppressed-carrier transmis¬ 
sion gave less distortion. The conclusion was explained 
as being due to the fact that a locally supplied carrier 
was always present in the receiving detector, and it was 
impossible to have the “blasting'' which occurs in 
double-sideband transmission when the carrier fades out 
and the sidebands alone remain. Practical operation has 
now amply demonstrated the reality,not only of the 9-db. 
gain in signal-to-noise ratio, but also of the improvement 
in distortion, and the value of the single-sideband system 
for short-wave telephony seems clearly established. 

The first commercial application was to the Nether- 
lands-Java circuit. The Dutch engineers, not content 
with this achievement, have advanced their work rapidly 
into the field of multiple channel transmission. 

Single-sideband systems have been put into operation 
between New York and London, and between San 
Francisco and Honolulu. 

There is some divergence of method in handling the 
carrier frequency. In the Netherlands-Java system, as 
described in the literature,* the carrier is suppressed and 
a pilot channel is transmitted at some distance off the 
upper edge of the speech band, 5 kc. from the carrier 
position. The system adopted by the American Tele¬ 
phone and Telegraph Co.,t the British Post Office, and 
others, transmits the carrier in reduced amount, 10 to 
20 db. down from normal strength. At the receiver the 
carrier is separated out and, after being amplified and 
smoothed or “ reconditioned," either is itself fed to the 
detector oris used to synchronize a local oscillator which 
in turn supplies the carrier voltage needed in the process 
of detecting the sideband. 

In experimenting with such receiving systems a curious 

* See Reference (4). f md., (5). 
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Fig. 6.—Diagram to illustrate odd-order modulation 

products. 

single group, on the scale of 4 kc. per telephone channel. 
Why can we not do this easily in radio ? 

Experiments confirm the expectation that one of the 
major difficulties is intermodulation between the chan¬ 
nels. Theoretical analysis of intermodulation is by no 
means an easy or straightforward subject. There are, 
however, a few simple concepts so helpful in visualizing 
the nature of the problem that their lack of rigour may 
be overlooked for present purposes. 

Objectionable modulation products are caused 
mainly by distortion in the high-power amplifier stages 
of the radio transmitter. Such of these products as are 
well removed in frequency from the signalling bands are 
of little concern, since they may be adequately suppressed 
by shielding and by selective output circuits. The so- 
called odd-order products (3rd, 5th, 7th, etc.) which fall 
into or close to the fundamental frequency bands, are the 
seriously disturbing element. 

The nature of these products is illustrated in a crude 
way by Fig, 6. Consider three individual frequencies 
A, B, and C, representing three components arbitrarily 
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selected from a band of signal frequencies to be trans¬ 
mitted. They are marked “ Fundamentals.” Inter¬ 
modulation between them produces new frequencies of 
the kind A-f-B — C, A + A — B, 2C — A, etc., in 
which all combinations and permutations of a sum and 
difference of any three elements may occur. A few of 
these are shown in the figure, marked ** Some 3rd-order 
products.” Note that they fall both near and among the 
fundamentals. Now let A, B, and C, be generalized, i.e. 
moved about so as to represent at one time or another any 
and all of the frequencies in a signal band to be trans¬ 
mitted. This is illustrated by the lower part of Fig. 6. 
Evidently intermodulation among a band of fundamentals 
generates a band of 3rd-order products of three times 
the width. 

Three fundamental elements .combine to produce one 
of those spurious frequency elements which we call a 
3rd-order product. In a similar way combinations and 
permutations of 5 fundamental elements can produce 
spurious frequencies of the 5th order (for example, 
A + B 4” C — D — E, or 2A -f- ^ — 2C, etc.) cover¬ 
ing a band 5 times the width of the fundamental. In 
general, the higher orders become rapidly weaker. In 
many cases only the 3rd order is of material importance. 

It is interesting to examine the significance of these 
odd-order modulation products in the problem of con¬ 
serving radio-frequency space by single-sideband 
methods. 

Consider first the nature of double-sideband transmis¬ 
sion as shown in Fig. 7(a). Only 3rd-order products are 
indicated. Spurious frequencies, into the formation of 
which the powerful carrier frequency enters as a com¬ 
ponent element, are of greater magnitude than the others. 
In the diagram 3rd-order products which can be of this 
kind are indicated by longer vertical lines.* 

If one sideband is eliminated and the carrier is reduced 
and the remaining sideband is increased, the condition 
changes to that shown in Fig. 7(b). The band occupied 
by the fundamental frequencies becomes narrower in the 
ratio of 2 :1, and that occupied by the 3rd-order products 
also contracts 2:1. 

Experimental measurement of distortion products on 
an actual transmitter checks fairly well with this simple 
analysis, as may be seen from Fig. 7(c). Here are plotted 
the distortion products picked up by a sharply selective 
single-sideband receiver when tuned with its mid-band 
frequency displaced from the carrier position by difierent 
amounts. One curve is for ordinary double-sideband' 
transmission; the other is for single-sideband reduced 
carrier, transmission. In both cases the modulating 
speech was inverted. The same peak load on the high 
power amplifier was used for both kinds of transmission. 
The ordinates are in decibels referred to the single-side 
band signal correctly tuned in. By their wide spread 
these curves indicate that 5th-order, and possibly even 
higher-order, products are present in measurable 
magnitude. 

It is customary to establish the adjustment and loading 
of transmitters to meet limits of signal distortion which 
do not curtail intelligibility and do not offend the ear. 
Study of experimental evidence shows that something 

* The diagrams (a) and (b) illustrate band widths primarily and are not intended 
to be more than crudely suggestive of relative amplitudes. 
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more than this is necessary to permit packing radio 
channels as closely as channels are packed in wire circuits. 
The modulation products which fall back into the band 
occupied by the fundamental frequencies become inex¬ 
tricably mixed with the signal and are recognized at the 
final output as signal distortion. The fringe products, 
which fall outside the fundamental band, may spread into 
neighbouring channels of communication if these lie close 
enough. Products falling back into their originating 
channel as signal distortion may be tolerated up to a 
magnitude of perhaps 5 % of the fundamental (25 db. 
down); for products which appear as cross-talk in 
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Fig. 7.—Comparison of double-sideband and single-sideband 

modulation products. 


another telephone channel a value of less than 1 % of 
the signal in that channel is desirable (more than 40 db. 
down). 

Assuming a tolerable cross-talk ratio of 40 to 45 db., it 
might appear, from the single-sideband curve of Fig. 7(c), 
that channels of equal powers could be spaced 5 or 6 kc. 
between centres. The conclusion is justified only if it is 
certain that the modulation products from one channel 
(channel “ x ”) which fall into any other channel (channel 
” y ”) have fading variations equal to and contempora¬ 
neous with those experienced by the fundamental com¬ 
ponents of channel ” y.” This condition can be produced 
with certainty only by radiating channel ** y ” and the 
modulation products of channel ” x ” both from the same 
antenna so that they will follow identical transmission 
paths. If they are radiated from separate antennas, or 
from difierent stations, channel y ’’ may fade down 

26 
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when the modulation products from channel x fade 
up, and the cross-talk ratio may, for a considerable part 
of the time, be intolerable. 

The method at present most available for introducing 
several closely spaced channels at higher power into a 
common antenna is to aggregate the channels into a group 
at low power and then to amplify them in a common 
power amplifier which feeds the antenna. In the ampli¬ 
fier not only does each channel generate its own modula¬ 
tion products as pointed out above, but additional pro¬ 
ducts are generated by intermodulation between the 
different channels, and the cross-talk and interference 
problems become much more complicated. 

In wire systems handling many channels in a group, 
the amplifier valves can be operated with large amounts 
of negative feedback to reduce intermodulation to very 
small values. Whether it will be possible to obtain satis¬ 
factory efficiency and freedom from distortion in high- 
power radio-frequency amplifiers will depend not only 
upon problems imposed by the greater magnitude of 
power and frequency’', but also upon the adaptability of 
the necessar)^ circuits to practical operating requirements, 
such as quick and easy wave-changing. 

Presumably the goal will not be achieved in one 
stroke, but will be approached by various practical com¬ 
promise schemes which make good use of the available 
art. The 2- and 3-channel arrangements tried out on the 
Netherlands-Java circuit, and the twin-channel system 
being tested between New York and London, are 
examples of progress along this line. At any rate 
we may be sure that research workers will continue 
to do their part toward making it more difficult to be 
pessimistic about the limitations of radio-frequency 
space. 
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SUMMARY 

The paper contains an analysis of the behaviour of frame 
aerials consisting of a single turn of conductor. It is assumed 
that the behaviour of such systems, including the mutual 
interactions of the various elements, can, to a useful degree 
of approximation, be represented by the differential equations 
of classical transmission-line theory. Formulae are obtained 
for the effective induced e.m.f. and the effective impedance 
(at the tuning point) of frame aerials the dimensions of which 
are not small compared with the wavelength, both for sym¬ 
metrical and asymmetrical systems of tuning. It is found 
that in the case of symmetrically tuned systems the output 
voltages across the two equal halves of the tuning impedance 
will not in general be quite equal. 

It is shown that the “ resonance factor of a frame aerial 
(i.e. the ratio of output voltage to induced e.m.f.) can be 
determined by the usual method of reactance-variation at a 
constant frequency, in spite of the non-uniformity of the 
current distribution along the length of the conductor, but 
that the same process carried out by variation of frequency 
will not, in general, be valid. 

It is shown that for a given total length of conductor the 
optimum shape of a rectangular frame aerial, with respect to 
induced e.m.f., is square. In particular, a square frame with 
side equal to half a wavelength appears to have useful prac¬ 
tical chai;‘acteristics in respect of sensitivity and symmetry, 
both for field-strength measurement and direction-finding. 

The method of applying the formulae to circular loops by 
a process of integration is given and illustrated by particular 
cases. It is found that in the case of small closed aerials the 
magnitude of the induced e.m.f. is not very sensitive to shape. 
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(1) OBJECT AND SCOPE 

The most important uses of closed-coil or frame 
aerials are {a) directional reception and (&) field-strength 
measurement. The present paper has some bearing on 
the first of these, but is chiefly concerned with the second. 
In this application the e.m.f. induced in a closed aerial 
of total area turns A, located with its plane perpendi¬ 
cular to the wave-front of a linearly polarized electric 
wave of intensity e, is assumed to be given by 
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E =Ae .(1.1| 

A 

Further, if the" closed aerial have total inductance 
and total effective resistance the potential difference 
V produced across the tuning condenser is given by 
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(1.3) 


Thus, to borrow a term which has come into use in 
direction-finding, the “ pick-up factor'' of the closed 
aerial is 


F 

e 


oyL^ 27rA 


JK. 
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(1.4| 
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consisting of two terms, a resonance factor'' and an 
effective e.m.f. factor. 

The above simple formulations are based on the 
assumption that the total length of the conductor and 
all other dimensions of the closed aerial are so small 
compared with the wavelength that the current distri¬ 
bution is substantially uniform along the length of the 
conductor. 

In many practical cases, particularly in the measure¬ 
ment of field strength in the metre band of wavelengths, 

] 
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the limitations of physical size involved in these assump¬ 
tions are inconvenient. The principal object of the 
present paper is to arrive at formulae corresponding to 
those given for V and jS 7 above, which shall be valid for 
cases in which the current distribution cannot be 
assumed to be uniform, or the linear dimensions small 
compared with the wavelength. A secondary object 
was to examine the possibilities of certain special sizes 
and shapes of single-turn closed aerials, i.e. cases in 
which the principal dimensions are simply related to the 
wavelength of operation. 

The present paper is purely analytical in character. 
Experimental work on the subject is in progress, and it is 
hoped to publish some account of this in the near future. 
Meanwhile, however, it ha^ been thought desirable to 
publish the present theoretical discussion, since field- 
strength measurement, particularly at short wave¬ 
lengths, is a subject of growing importance which is 
already being studied by a number of different groups of 
workers. The formulae developed in the analysis may 
be of some guidance in the interpretation of existing and 
accumulating experimental data. These data, on the 
other hand, may throw some light on the validity of the 
assumptions on which the analysis is based. Thus the 
theoretical conclusions are put forward in this tentative 
sense, both as furnishing suggestion for experimental 
work and as material for criticism in the light of prac¬ 
tical experience. 

(2) THE METHOD OF ANALYSIS AND THE 
ASSUMPTIONS INVOLVED 

In a previous paper* it has been shown that the 
application of the classical transmission-line theory to 
open earthed aerials leads to theoretical conclusions 
which are, to a practically useful degree, in accordance 
with the actual behaviour of such aerials. Essentially, 
the physical assumption involved is that the linear con¬ 
ductor constituting the aerial can be regarded as having, 
at any given frequency, a uniformly distributed re¬ 
sistance, inductance, and capacitance, per unit length. 

It might be thought that the existence of radiation 
resistance in aerials would invalidate such an assumption 
from the outset, but this is not necessarily the case. In 
fact, Brainerd has shown thatf radiation resistance, or 

radiactance'' as he prefers to call it, can be repre¬ 
sented as an addition, to the ohmic resistance per unit 
length, of a term consisting of a constant multiplied by 
the square of the frequency. The proposed formulation 
may therefore be valid at any given frequency, inclusive 
of radiation resistance. 

Again, there will undoubtedly be some reaction of 
one part of a closed aerial on the remainder, but even 
this will not necessarily invalidate the proposed formu¬ 
lation, since such reaction may conceivably be represented 
for the most part by an effect on the magnitude of the 
assumed constants rather than a change of the form of 
the differential equations. Some such explanation must 
exist for the satisfactory agreement already mentioned 
between theory so based and experimental observation 
in the case of the open earthed aerial. 

Thus there are good reasons for trying out the proposed 
formulation in the case of closed aerials, at least in the 

* See Reference (1). f JUd,, (2). 


case of closed aerials consisting of a single turn, such as 
are generally used at short wavelengths. The formulae 
so obtained are likely to be somewhat more accurate than 
those which do not take into account the non-uniformity 
of the current distribution. 

(3) THE BASIC SYSTEM CONSIDERED 

The basic subject of analysis is illustrated in Fig. 1 
(the closed loop of conductor is shown as circular in 
shape but is not necessarily assumed to be so in fact). 
The length of the conductor (1) is considered as divided 
into three parts Zg, and 1^, in the second of which a 
uniform e.m.f. e per unit length is induced by the field. 
All the practical cases involved can be derived as special 
cases or combinations of such systems. 

As usual in single transmission-line theory, the 
potentials along the conductor are relative to earth as 
zero. For generality, two tuning impedances are shown, 
connected in series. They may in practice be equal, as 




Fig. 1 

in so-called balanced or symmetrical systems, or either 
may be zero. In general one point on these tuning 
impedances (e.g. the mid-point in a balanced system) will 
be connected either directly to earth or to the ” earthy ” 
point of a receiver or other measuring equipment. There 
may be, and in general will be, current in any such con¬ 
nection. Moreover, this point cannot in general be 
assumed to be at earth potential. It will, indeed, appear 
in the analysis that even if the frame is isolated at all 
points from earth the mid-point is not, in general, a node 
of potential, and some finite value must therefore be 
assumed for its potential. Again, if connected to earth, 
there may be, and generally will be, an e.m.f. induced 
in the earth lead by the incident field. The “ earthed ” 
point is thus assumed to be at a potential above earth, 
and a current is assumed to flow in the lead or con¬ 
nection to the earthed ” point. 

As explained in Section (2), the conductor is assumed 
to have a uniform E, L, and (7, per unit length. The 
current co-ordinates x, with suffixes 1, 2, 3, refer to dis¬ 
tances along ly l^, Zg, respectively. The instantaneous 
values of current i and potential v will be similarly dis¬ 
tinguished. In addition, suffixes 0 and 1 will denote 
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initial and final boundary values, i.e. i^Q and 121 are 
values of at rrg = 0 and X 2 = 

The symbols i and v are to be interpreted as rotating 
vectors, and e as a rotating vector Any constants 

in the solution will thus have the character of vectors 
or of vector operators. 


(4) ANALYSIS OF THE BASIC SYSTEM 

For the parts and Zg the appropriate differential 
equations are 

(•^ jcoL)i — — — , . . (‘^•01) 


jooCv 




(4.02) 


with suffixes 1 and 3. For the part Zg it is necessary to 
include the e.m.f. e per unit length, giving 


{E + jcoL)i2 


and 


jcoGv2 = — 


bXo 

bXc, 




(4.03) 


(4.04) 


The solutions of these are well known and can be 
written 

i — A sinh Fx + B cosh Px ... (4.05) 

V = —Z{B sinh Px A cosh Px) . . (4.06) 

mth suffixes 1 and 3 for and and ■ 


^*2 == Ag sinh Px 2 + ^2 -^^2 + 


PZ 


Vc 


Z{B 2 sinh Px 2 + A 2 cosh Px^ 


for Zo. In the above 


p2 = (i^ _j_ j(j)L)j<joC . 
E + jcoL 


Z^ 


jojC 


(4.07) 

(4.08) 

(4.09) 

(4.10) 


For the evaluation of the six unknown constant 
vectors A, B, there are the following boundary conditions: 


^10 

— + 

^20 

II 

e 


= •"21 

^31 

= . 23131 + Vg 

^11 

11 

0 

^21 

— 2 ,gg 


(4.11) 


The detailed analysis, though lengthy, is quite straight¬ 
forward and need not be given in full. The results 
obtained are:— 

sinhPK + a^ + l) 2e ^ / ‘^n 

^0 sinh Pap PZ 2 + % + 2 ) 

coshP^a3 + —) . (4.12) 


Z 2 


and 


. sinhP(ao —j— “4” 


2e 


sinh Par 


2v^ 

Z 


PZ 
PI 


sinh ^ sinh P^ag -}- Zj^ + 


^ sinh coshP^a^ -{- . (4.13) 


In the above, Z is the total length of the conductor, and 
is written for and Zg for ^'g^, that is, and are the 
currents through Z^ and Z^ respectively. Also the 
impedances Z^ and Z^ are expressed as equivalent real 
or complex lengths of line and ag by the transformations 

Zq==^ Z coth Pa^ 

and .^3 = Z coth Pag . . . (4.14) 

All the formulae appropriate to rectangular or circular 
loops, with balanced or unbalanced tuning, can be 
derived, by suitable specialization, from equations (4.12) 
and (4.13). 

It will be demonstrated that the simplest and most 
practical short-wave closed-aerial system is that in 
which complete circuit symmetry,’' is maintained, and 
Sections (5) to (13) are devoted to this system. 


(5) SYMMETRICAL SYSTEMS 
The symmetrical or balanced system is defined by 


i.e. 


z^=.z^ 

«s = “o 


( 6 . 1 ) 


The basic equations become 
. sinh P(2ao + Z) _ 26 P^ 


^ sinh^ siahpA + ^3 + 
sinh Poq PZ 2 V° ® 2y 

2 PI / l\ 

+ -g^g sinh — cosh P[a^ + Yj ‘ 


and 




2 . , PZ , Z\ 

- -g’g smh — cosh P(^a!o + —'j 


(6.3) 


(6) RECTANGULAR FRAME: BALANCED 

TUNING 

Consider the system illustrated in Fig. 2. Let 
and -Zq, i'zg be the components of current due to the 
intensities and — respectively, where 9 = 2rrhlX. 
These currents can be determined directly from (5.2) 
and (5.3) by appropriate substitutions for .Zj^, Z 2 , and Zg, 
in terms of the height h and width 26 of the frame, i.e. 



^2 and Zg “ 36 —}— ZZ. 


Hence 

. h 3Z 

7 -J- 36 -j“ ~ "— 

® 2 2 4 


and 

, h ^ h 1 

Zi + -2=& + 2 = 4 • ■ 

. . (6.01) 

for the intensity and similarly for 

—eel^. Thus 


ig = sinhp( 

3Z\ 

®o + "jJ 

-j- BVg . . 

(6.02) 

io = — sinh P| 

f , 0 
+ Ty 

j A- BVg . 

(6.03) 

4 = sinhp( 

% + -j) 


(6.04) 

i's — — Ael^sinhPl 

/ 2h 

VO + 4/ 

) — BVg . 

(6.06) 
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where A and B are constant vector operators given by 




2e 

PZ 


sinh 


and 


Ph f ^sinh P{2aQ T) 

2 / [_ sinhPaQ _ 


(6.06) 


sinhf ,S,„, 


When the intensities act simultaneously on the frame, 
the total currents will be given by the addition of the 
formulae in pairs. (It must be remembered, however, 
that Vg is a quantity, at present undetermined, dependent 
on 'Iq, i^, and and in the addition of these formulae 
the terms in Vg are not added but merely replaced by a 
similar symbol for subsequent determination.) 


quence of the fact that the complete system of circuit 
and field is not in fact symmetrical so far as a circulation 
round the loop is concerned. This asymmetry is able to 
manifest itself at the tuning impedances. In fact the 
different arguments of the hyperbolic functions in, for 
example, (6.02) and (6.03) correspond to the fact that the 
indi\ddual e.m.f.^s are not symmetrically disposed in 
relation to the tuning impedances. 

It will be shown later that when the loop is tuned 

“o = = 1. 3. 6, etc. . (6.08) 

Under these conditions 

== i^A — Jz 

% + ¥ = + JZ . . . (6.09) 


The Asymmetry of the Balanced Frame a 

Aerial / 


One immediate conclusion can be drawn from the 
general form of equations (6.02) to (6.05), namely that 
the balanced frame aerial is electrically unsymmetrical 



Fig. 2 


in general, in the sense that the potential differences 
across the two equal halves of the tuning impedance are 
not in ^ general equal in magnitude and phase. The 
possibility of this was of course implied in the assumption 
of a current in the connection to the mid-point of the 
tuning impedance, but it remains to be shown that this 
current will in general exist. 

Suppose, for example, that the mid-point is actually 
connected to earth by a lead so short that its impedance 
and any e.m.f. induced in it by the field can be neglected. 
Analytically, this is equivalent to putting- Vq ^ 0 in 
equations (6.02) to (6.05). The circuit system is still 
completely balanced, bu-t there will nevertheless be a 
current in this earth lead and a consequent small ine¬ 
quality of the potential differences across the two halves 
of the tuning impedance. 

. .f character of the vector system represented 
oy i^, is illustrated in Fig. 3(a), which shows 

at the ^vector sums {i^ + Pq) and (i^ -f are equal in 
magnitude but differ in phase. Thus in general the 
potential difference across the whole tuning impedance 
Will not be twice the potential difierence across either 
half of it. This asymmetry must obviously be a conse¬ 


(d) /Lq \ 



Fig. 3 


and the sinh terms become equal in phase and magnitude 
except for small terms due to attenuation. Thus when 
the loop is tuned the currents -j- {q) and {i^ + i^] 
through the two tuning impedances become practically 
equal in phase and magnitude, except for a very small 
and probably negligible effect due to differences of 
attenuation in the lengths JZ and |Z of the conductor. 

It is important to remember, however, that this is 
true only on the assumption that the only e.m.f.^s acting 
on the system are those induced in the loop by the inci¬ 
dent field. It is true, that is to say, for a very short 
lead to earth or to the "earthy^* point of a receiver. 

however, there is a relatively long lead from the 
mid-point. Then there may be induced in this lead an 
e.m.f. which may be of the same order as, or even greater 
than, the e.m.f.^s induced in the sides of the loop, and 
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there may be in consequence an appreciable current in 
the mid-point connection due to this e.m.f. If the loop 
is truly balanced this current will divide equally at the 
mid-pointy adding to the current through one half and 
subtracting from the current through the other half. 
Thus we may have a state of affairs somewhat as shown 
in Fig. 3(6), and again the potentials across each half of 
the tuning impedance will be unequal, possibly both in 
magnitude and phase. 

The effect of the mid-point current is of course elimi¬ 
nated if the output voltage be measured as the vector 
sum of the voltages across each half of the tuning 
impedance. This point is shown in analytical detail 
below, and the practical aspect of the matter is referred 
to again in Section (16). It may be pointed out, how¬ 
ever, that these considerations do not apply exclusively 
to the balanced loop as a means of field-strength measure¬ 
ment. A balanced dipole system may be subject to the 
same considerations in respect of e.m.f.'s, if any, induced 
in a conductor connected to the mid-point of any tuning 
impedance associated with it. 

The addition of (6.02), (6.03) and (6.04), (6.05) gives for 
the total currents -f- ^q) and {i^ + i^) due to the simul¬ 
taneous action of the e.m.f.’s induced in the two sides of 
the frame:— 


^0 -I- iQ — a| 2 cosh p(aQ + 0 sinh ^ cos 9 

— 2j sinhP^aQ 4- ^ cosh ^ sin Bvg . (6.10) 

f / l\ PI 

f *3 ^ A'y — 2 coshP^^o 4- -J sinh -j- cos 6 

/ l\ PI \ 

— 2/ sinhP^aQ -|- -J cosh — sin0|— Bvg . (6.11) 


and 


[In these equations, as already pointed out, Vg is as 
yet undetermined, and will not have the same value as 
in equations (6.02) to (6.05).] 

The first point to note is that the sum of the combined 
currents (and therefore the total potential difference 
aci'oss the tuning impedance) is independent of Vg. This 
is otherwise obvious. It is not immediately obvious 
that it is also independent of the current in the 
“ earth ” connection, but this is clear if we assume, in 
accordance with the circuit S 5 nnmetry, that the ‘‘ earth ” 
current divides equally at the mid-point. Writing 


and 

^33 for 

’ the combined currents. 

then, as 

illustrated in 

Fig. 

4, 
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. . (6.13) 
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o 
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+ 

0 

0 

1 

11 

CO 

+1-% (6.14) 

and 


— i(^oo 

+ '^’ 33 ) 

1 

0 

0 

1 

^ 33 ) i • 

-1% (6.15) 


Thus i can be regarded as a circulating current flowing 
through the two halves of the impedance in series, while 
an earth ” current ig flows through the two halves in 
parallel, flowing through each half. From (6.10) 
and (6.11) we have 

f 

/ l\ PI 

— 2/^. siiihPfaQ + -J cosh — sin d * (6.16) 


and 



4A cosh P 




COS0 4- 2Bvg (6.17) 


From (6.17) it can be seen, as already stated, that ig 
is not zero in general even when Vg is taken to be zero, 
and further that, apart from any variation ot Vg, a value 
of 6 which makes i a maximum will make ig a minimum. 

Inserting in (6.16) and (6.17) the values of A and B 
from (6.06) and (6.07) gives 

(6.18) 


(6.19) 


cosh P(ao + hi) 


sinh Pa, 


and 


0 


. sinh P(aQ -f 




sinh P a, 


0 


- 2ie . ^Ph PI . ^ 
smh cosh — sin u 
PZ 2 4 


ie . ^Ph . ^Pl . 
— sinh — smh — cos d 
PZ 2 4 

-4 sinh ^ . . 

jiy 2 


It is shown in the next Section that these formulae 
admit of a simple physical interpretation. 



(7) PHYSICAL INTERPRETATION OF FORMULAE 

Formula (6.18) admits of a very simple physical inter¬ 
pretation. Replacing coth Pa^ by Z^^fZ and 9 by 27TbjX 
gives 

i^2ZQ 4- tanh 

- 4/e cosh (LPZ) sinh (|P7^) sin (27r6/A) 


P 


cosh (|PZ) 


(7.01) 


or 


where e. 


+ Z, 


'0 T' 

4/e cosh (IPI) sinh (jP/i) sin (27 t6/A) 


P 


cosh (-J 


(7.02) 


(7.03) 


2 


and Zg = 2Z tanh (|PZ) .(7.04) 

Thus the circulating current i can be regarded as due 
to an effective e.m.f. e^ acting in a circuit consisting of 
the tuning impedance 2^^ in series with an effective 
aerial impedance Z^, where both e^ and Z^ are quite 
independent of the tuning impedance. 

It will be shown, moreover, that if the loop is con¬ 
sidered to be small in dimensions compared with A, 
these formulae reduce to those given in the first section 
for small aerials. Thus, when I and h are small compared 
with A, 

cosh (|PZ) cosh (|PZ) 1 

sinh (-|PA)-> \Ph 
. 27t6 27t6 

and sin —r-> . (7.05) 

A A 
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and 


i.e. 


4:je Ph 
"P ‘ ~2 


•2'”' 4 

J “t” A.6 

A 


2rrb 

~ 



(7.06) 

(7.07) 


which the capacitance to earth can be represented as an 
impedance 
Ill this case 

Vg=-Zgig .... (8.3) 

and 



sinh (P7i/2) ^ 2776 

cosh {Pi/4) X 



where A = ^hh == area of loop. 

Further, tanh (IPQ PZl 

= Pa + .... (7.08) 

where and are the total resistance and inductance 
of the loop. When the aerial is tuned 


i.e. 

and 


or 
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V == 2ZQi = 


- jojL^i 
ci)L(i 277 
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V 




(7.09) 

(7.10) 


(7.11) 


The formula for the earth current ig admits of a similar 
interpretation. The same process gives 


{Z 


"g 


coth 


H 

~2 



e sinh (PA/2) 27rb 

~ P * ^sh (P7/4) "T 


(7.12) 


In this case the effective aerial impedance is ^{Z coth -J-PZ) 
(i.e. two paths in parallel) and the added impedance is 
that of two impedances Zq in parallel, while the effective 
e.m.f. is a term due to e, plus the assumed potential of 
the mid-point, i.e. Vg. 


( 8 ) DETERMINATION OF THE MID-POINT 
POTENTIAL AND EARTH-LEAD CURRENT 

If, in the case illustrated in Fig. 2 , the earth lead, of 
length Qg is assumed to have the same value of P as the 
conductor forming the frame aerial, is earthed at its 
lowest point, and is vertical and subject to a field in¬ 
tensity e per unit length, it is easily shown, by the 
methods used in Section ( 4 ), that 

f 

Vg = - Z tzjA. Pg (ig - ^ . . ( 8 , 1 ) 

In combination with (7.12) this gives, for ig, 

e /sinh (PA/2)\ 2776 

"■ PVcosh (PI/ 4 ) j X 

Alternatively, the mid-point may not be connected to 
earth directly. It might, for example, be connected by 
a short lead to the “earthy'' point of a receiver, of 


Even in this case, however, ig will not necessarily be 
negligible, since the combined impedance term on the 
left of (8.4) is clearly capable of resonance conditions, as 
also is the e.m.f. on the right of ( 8 . 4 ). 

Finally, as a point of academic interest, if it be 
assumed that the frame can be so disposed that there is 
no current from the mid-point to earth, i.e. if there is 
no connection from the mid-point to earth, and any 
apparatus connected to the mid-point has negligible 
capacitance to earth, then, from ( 7 . 12 ), 

e sinh (PA/ 2 ) 2776 

~ P' cosh [Plji] X ‘ * 

The formula for i is not affected, but it wdll be found that 
the substitution of this value for Vg in the formulae for 
ioo and ^33 makes these currents equal in phase and 
magnitude, which is otherwise obvious. 

^The physical significance of the finite value of Vg 
given by (8.5) is that the mid-point of a balanced frame 
aerial completely isolated from earth is not in general a 
node of potential, though, from ( 8 . 5 ), it becomes a node 
of potential if the width 25 is an odd number of half 
wavelengths. This is in agreement with the conclusions 
of Palmer, Tayloi*, and Witty, based on considerations 
of current distribution.* 


(9) THE MEASUREMENT OF THE RESONANCE 

FACTOR 

The term “resonance factor" is here used, for want 
of any existing and generally recognized term, to denote 
the ratio between the potential difference across the 
tuning circuit, and e^, the effective e.m.f. induced in the 
loop. It is thus a generalization of the term or “ mag¬ 
nification factor as applied to uniform-current circuits. 

In the case of closed-coil aerials small compared with 
the wavelength, this factor is usually determined by one 
of two methods, (a) reactance variation, ( 5 ) insertion of 
a small known e.m.f. and measurement of the corre¬ 
sponding terminal potential diference. 

^ It will be desirable to determine whether these or 
similar methods are valid for cases in which the coil 
aerial is not small compared with the wavelength, and 
in which therefore the current distribution is not uniform. 


(a) Reactance Variation 

It has been shown in Section (7) that for a rectangular 
frame aerial the circulating current i can be regarded 
as due to an effective e.m.f. acting in series with a 
variable tuning impedance 2Zq and an aerial impedance 


* Proceedings of the Physical Society, 1934, vol. 46, p. 76. 


(9.01) 
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In tMs expression and Zq are independent of Zq, but 
both depend on frequency. At any given frequency, 
however, Zq can be regarded as consisting of an effective 
resistance in series with an effective reactance Xq, 
The tuning impedance may take the form of a sym¬ 
metrical condenser, and if Cq be the magnitude of the 
two halves in series 



1 


(9.02) 


The exact tuning condition for resonance of the 
potential difference v across Gq is given by 


ZJq 


(9.03) 


where 

and at resonance 


n / 2 i __ 7^2 I -^-2 

Z/g — jXq -j- jig 

2 r7^ 

'0 _Ze 

9 * 


(9.04) 

(9.05) 


If Cq be adjusted to a new value Cq for which the condenser 
potential difference is reduced to II 2 of its resonance- 
value, then 


1 

1 

1 

(9.06) 
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2^ 

whence 

/ Xa2 

(9.07) 

or 

cjOI) - 

• 

• 

-H 

II 

(9,08) 

If Co and Cq 

' be the two values of Cq which satisfy this 

condition 

Ze 

”-9 .... 

Ze 

(9.09) 

and 

OjCq - ^ - 

II 

1 

• 

• 

• 

• 

(9.10) 

or, putting 


= 2S<7o . . . 

(9.11) 


coSCq = 

-?£ 

0 • • • •" 

(9.12) 

Also 

ojCq = 

.•cSl g 

_ — ^ ^ ^ 
nrZ 

ZJq 

(9.13) 


The combination of (9.05), (9.12), and (9.13), gives 




soA ^ 




(9.14) 


In general SCq will be quite negligible compared with Cq, 
and 

' t? 1 

(9.15) 




__ ^0 


sa 


0 


Thus the resonance variation method is valid in spite 
of the non-uniform current distribution, provided it be 
carried out by variation of the tuning capacitance and 


not by vafiation of frequency, A formula appropriate to 
variation of frequency could probably be determined, 
but it would be very complicated and probably less 
accurate. 


(b) Determination by Inserted E.M.F. 

The validity of this method can be examined by 
reference to (5.12), i.e. 


.coshP(aQ -f- J 


sinh Pa 


0 


e _ P(L - 

- cosh 2 — 

PZ 2 


— sinh 


which can be put in the form 




2e 


where — sinh (-IPZ 2 ) cosh [^P{1^ ~ Zj] . (9.16) 

(cosh|PZ) 

Suppose now that the inserted e.m.f. Oq be located at 
the centre of the loop remote from the tuning circuit. 
This condition is represented by reducing the length Zg 
to zero with the condition 


7 2e . ^ PL 

It. ~ sinh == It. 


elc] 


1% - , > ■ 0 


^0 


(9.17) 


Then, since for this condition = Z 3 , 


cosh (JPZ) 


(9.18) 


Thus the effective series e.m.f. is greater than For 
example, if Z = -g-A, cosh (|PZ) 0 • 80 and the resonance 

factor would be over-estimated by some 20 % if this 
method were used, and for I — the error would be 30%. 

However, by applying the same process it is easy to 
show that if the e.m.f. be inserted adjacent to the tuning 
reactance, i.e. Z^ = 0, Z 3 = Z, then the effective series 
e.m.f. is equal to Thus the inserted-e.m.f. method can 
be used, regardless of the relation of I to A, provided the 
e.m.f. be inserted adjacent to the tuning circuit and not at 
the centre of the loop remote from the tuning circuit. (This 
assumes that the output voltage is measured across the 
tuning circuit. The case, which sometimes occurs in 
practice, when the loop is tuned by a condenser in the 
top centre of the loop, and the output is measured across 
a fixed impedance at the bottom centre, would need 
separate consideration on the lines indicated.) 


(10) DETAILED ANALYSIS OF RECTANGULAR 
FRAME WITH BALANCED TUNING 

The following relationships are listed for reference. 

p = y [(P + ja)L)iu)d\ 

== "OC -j- jj^ 

where, assuming is small compared with 

E IC 

* * 

p 2 N 


a 


P = £0 v'(XC) (^1 + • 


( 10 . 01 ) 

( 10 . 02 ) 
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Therefore, neglecting compared with 1 


Also 


^ =r= ajV'(LG) == ~ 



(10.03) 

(10.04) 

(10.05) 


where Ca is written for IC, i.e. it is the total aerial 
capacitance. Also 


Z tanh 


PI 


JcdCq 


Y 2 


(10.14) 


and if the aerial is tuned 



(10.15) 


For the type of conductor contemplated in this analysis, 
the “ characteristic impedance Z will usually be about 
600 ohms. 

In the folloynng analysis it is assumed that jS == 27r/A 
and that 2ccA is so small that cosh 2aA 1 and sinh 2aA 
£:r:2aA. 

The detailed examination of the rectangular frame is 
most conveniently related to the formulae 

_ — 4:je cosh (^Pl) sinh {^Ph) sin 2iTbf\ 

P cosh (l-PZ) ^ ^ 


and 


Z^^ 2ZtSLnh.{^Pl) .(10.07) 


. /Zf. Z PI _ \ 

Y + 2 T V 

sinh (iPA) 


cosh (iPl) 


COS 27 r 6 /A + tanh P. 


Q 


(10.08) 


The formula for ig will make it possible to estimate the 
difference between the potential differences across the 
two halves of the tuning impedance, which can be 
expressed fractionally in the form 



% 


(10.09) 


(a) Small Aerial 

For the common case in which I is small compared 
with A, but not negligibly small, the ratio of the effective 
e.m.f. to that calculated by the simple formula given 
in Section (1) is very approximately 


”*7 


sin tt/^/A sin ^rrhjX cos rrll2\ 
TTh/X 2'7t 6/A cos ttI/X 


( 10 . 10 ) 


Taking, for example, a square loop with 
2b==h = A/16; i.e. I - A/4 




^ cos 7 t/ 8 
cos 77/4 


1-23 


( 10 . 11 ) 


In this case, therefore, the use of the simpler formula 
would lead to an over-estimation of field strength of 
about 23 %. 

It is difficult to estimate the significance of {g in such 
a case, but if it be assumed in the first instance that the 
frame is earthed at its mid-point, 


ig j cosh (|FQ 2776 
¥i~2' cosh,2(JPZ)“*T, ‘ 

PI 1 

Now Zq + Z coth — ~ + 


Zq Z tanh (|PZ) 
^ coth {^Pl) 

PI jojOfi 


( 10 . 12 ) 

(10.13) 


In general 2l{jajCa) will be large compared with IK^coCq). 


_ , ^ tanh (IPZ) 1 . ^ 

z, + z coti. 

Thus for the Tinmerical case considered 


. (10.16) 


i(j 1 f cos 77/4 \ , 77 ^ ^ 

2p ~ SVcoPTys) 16*^ “ “ 


0 • 62 (MCa^a, 


oPLO 


But 
Therefore for 

Z = A/4, coCa 

Therefore 


477 ^ 


77^ 




10 


2i 


4cCoLa 
10/Ra 


^ TUi, 


;) 


Pa 


1-3 




(10.17) 


(10.18) 


Thus the unsymmetrical current is very small compared 
with the circulating current, and may be 1 or 2 per cent 
of it in magnitude. If the frame is raised above the 
surface of the earth, however, and the centre point is 
connected to earth by a lead, the effective e.m.f. pro¬ 
ducing the unsymmetrical current will be increased— 
roughly in the proportion of g to |7i, without a propor¬ 
tionate increase of impedance, and it therefore appears 
that even with comparatively small earthed frame aerials 
it cannot safely be assumed that the total tuning-circuit 
potential difference can be determined by measurement 
across one side only of the symmetrical tuning system. 

It would, however, appear to be permissible to use 
such a frame without direct connection to earth, and the 
asymmetry may in practice be reduced in this way, 
though at the very high frequencies assumed in this 
analysis the capacitance to earth of the measuring 
system will, in general, make it difficult to maintain a 
very high impedance to earth. In practice, if the receiver 
potential difference is determined by measurement across 
one half of the tuning impedance it will in general be 
advisable to compare the values corresponding to the 
two maxima (by rotation of the frame). Any substantial 
inequality obsen^ed may be the result of the asymmetry 
discussed above. 

(b) Large Frame Aerials 

Provided that the theory of the large frame aerial be 
known there would seem to be no need to restrict the 
frame dimensions as is the present practice in field- 
strength measurement. In fact, the use of a large frame 
may offer some advantages. It will therefore be of 
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practical interest to consider cases wliere I may be com¬ 
parable with or greater than the wavelength of operation. 

(1) Z = 0 to Z = lA 

Up to, but not including, Z = ^-A there are no resonances 
of impedance or e.ni.f. The effective impedance remains 
positive (inductive) in character and the system is 
tunable by a capacitance. The e.m.f, can be calculated 
by the formulae given. 


(2) I 


|-A. 


7, 

®“aA~ 


8i, 


a 


n T? 


. (10.19) 


Thus Zq is very large and resistive. The appropriate 
tuning system would be a parallel-tuned circuit. The 
e.m.f. is approximately 







( 10 . 20 ) 


and may thus be large compared with the e.m.^ 
calculated by the uniform current formula. Thus 
the half-wavelength loop may be considered for field 
strength measurement, though it may be difficult to 
realize a tuning impedance of sufficient magnitude to 
make the output or received potential difference a large 
fraction of the induced e.m.f. 

(3) Z=|A. 

. . . . ( 10 . 21 ). 

i.e. the impedance is fairly large and negative. The 
e.m.f. will depend on the ratio of 2b to h, but will not 
show any resonant conditions. 

(4) I = A, 

.... ( 10 . 22 ) 

* Jmt 


Thus the impedance is small and resistive. However, 
the e.m.f. contains the term cosh JPZ, and this reduces 
to the very small quantity -|aA. Thus the induced e.m.f. 
will be very small and the configuration appears to have 
no practical value. 


(5) Z = iA. 


4 S Xj, 
-2Z~ 


Thus the impedance is similar to that in the JA case. 


Also 




.2 1/2 Z /2eX . Pli . 27rh 


^ ■( —- sinh — sin . 
Ra\ w . 2 A 


) . (10.24) 


and is therefore large in general and depends on the 

f 26 = n a 

A 

2 Z 2eA 


values of 6 and h. Thus if 2h = JA and = ^A 


and is therefore large. 

(6) I = 2A. 


3 Ra 'TT 


(10.25) 


ZQC:=i .2 ZaLXc::iR, 


a 


(10.26) 


The impedance is therefore small and resistive. The 
appropriate tuning system is a series-tuned circuit. 



(10.27) 


and therefore depends on the shape, 
i.e. 26 = A = U 



If the coil is square, 


. (10.28) 


This appears to be a possible configuration for field- 
strength measurement. For example, the effective e.m.f. 
would be about 25 times as large as that given by a small 
coil having a periphery of JA, and 40 times as large as 
that given by a coil with a periphery of fA. 


(11) THE LARGE RECTANGULAR FRAME IN 
RELATION TO DIRECTION-FINDING 

It has already been shown that the large frame may 
be expected to have the advantage of a relatively large 
“ pick-up factor.” In relation to direction-finding, 
however, the important quantity is the sharpness of the 
minimum. For a vertical wave incident at an angle (j) 
to the normal to the plane of the frame 

^ 4e cosh (JPZ) sinh {^Ph) sin 2iTb sin <f) / n , v 

™ cosh (JPZ) " A * 

The sharpness of the minima can be measured by 
d\e^\Jd<f>, i.e. 


By a detailed analysis of this formula it can be shown 
that a large frame, in particular the square frame with 
half-wavelength sides, may be expected to give a much 
greater sharpness of minimum than a small frame. It is 
realized, however, that sharpness of minimum, though 
important, is not the only or even the most important 
feature of a direction-finding system. Nevertheless, 
the large frame would seem to be worth considering in 
relation to this application. 


(j))a7r cos (j) 

. . ( 11 . 2 ) 


S 


d[ 0 g[ 2Ae cos 2u7r sin UTT 
d(f) 77 cos 4a7T 


cos (air sin 


(12) OPTIMUM SHAPE OF RECTANGULAR FRAME 
WITH BALANCED TUNING 

For a given total length, the effective e.m.f. depends 
on the shape of the frame, in virtue of the terms 

Ph 277 

sinhsin .... (12.1) 


Putting 6 =— J/^ .... (12.2) 

and neglecting the attenuation component of P, these 
terms become 

. 2tt h . 277,., , 

sin -y • - sin y (JZ — -|a\) . . (12.3) 

277 277 Z 

i.e. cos -^{h — JZ) — cos -y- • ~ , . (12.4) 

A A 4 

The critical values of are therefore those for which 


^ 277 , _ ^ -.v /-V 

Sin y (A — |-Z) = 0 


(12.5) 
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i.e. -^{h — Ji!) = mr; n = 0 , 1 , 2 , 3 , etc. . ( 12 . 6 ) 

or A = -f J)jA.(12.7) 

and 2b = ll- JkA.(12.8) 

Of these, the only case of practical importance is the 
square shape 

2b = h = il . . . . (12.9) 

The author has endeavoured to compare these con¬ 
clusions with regard to optimum shape with those arrived 
at by L. S, Palmer in his work on rectangular frame 
aerials.* Comparison is made difficult by the fact that 
Prof. Palmer’s results are stated throughout in terms of 
current and the observations recorded are in terms of a 
current flowing, not in the loop itself, but in a kind of 
tuning circuit formed, apparently, by connecting a 
tuning condenser across a short length of the conductor 
of the loop. This branch circuit can be regarded as 
constituting a kind of tuning circuit, but it is not certain 
that its range of variation was sufficient for producing 
a true tuned condition over the whole range of frame 
dimensions examined. 


point connections to earth contains the term cos 27 r 6 /A, 
and therefore vanishes whenever 2b = |-A or any integral 
multiple of this. It becomes small when h = X, but 
this is not a practical case as the symmetrical e.m.f. 
is also small for this condition. It becomes large when 
Z = A, a condition which has already been discarded on 
other grounds, 

A suggestion of some practical interest is the con¬ 
nection of the neutral point to earth by a half-wave¬ 
length or a wavelength line. In this case the e.m.f. due 
to the earth lead reduces to aAV( 47 r) or aA^/( 27 r) and is 
therefore very small. At the same time the corre¬ 
sponding term in the impedance becomes very small, 
but if in addition I = 2X, the term l~Z coth ^Pl in 
the impedance to ig becomes very large. Thus the con¬ 
dition 2b = h ~ JA and ^ = A or |-A appears to have 
every advantage, since it minimizes both components 
of the unsymmetrical e.m.f. and opposes a high impe¬ 
dance to the residue. 

(14) RECTANGULAR FRAME AERIAL: 

UNBALANCED TUNING 


In Fig. 6 of the paper referred to, a large number of & equations for the currents and ig for a frame as 
current maxima are recorded, as functions of width for with the left-hand tuning condenser re¬ 

various heights, the wavelength being stated as 8-65 m. pla-ced by a short-circuit, can be derived from ( 4 . 12 ) 
For one set of maxima the total lengths are approxi- putting = 0 , i.e. coth Pa^ = 0, and by 

mately 15*6, 16, 16-4, 17*6, and 18 m. These are all summation of the e.m.f.’s acting on the vertical sides, 
in the neighbourhood of 2A and these maxima are in Section (6). This process gives 


accordance with paragraph 6 of Section ( 10 ). The 
maximum-maximum for I = approximately 2A seems to 
occur for h just less than JA, as compared with JA on 
the present theory. Other current maxima occur, 
however, with I = 24*8, 24-3, 23-4, 24-4, which are in 
the neighbourhood of, though less than, I — 3A. On 
the present theory the effective impedance is certainly a 
minimum under these conditions, but the effective e.m.f. 
is also very small, and current maxima would not be 
expected. The difference may arise from tilt of the field 
in Palmer’s experiments. Minima are recorded for total 
lengths in the neighbourhood of A and 5A/2, which is 
also to be anticipated from the present theory. Thus 
some at least of the conclusions of the present theory are 
borne out by Prof. Palmer’s observations, ■ to a degree 
of accuracy as good as could be expected in view of the 
simplifying assumptions of the theory, namely that the 
effects of mutual interactions of the different parts of the 
aerial are adequately represented by the basic differential 
equations. 

(13) ASYMMETRY AS A FUNCTION OF SIZE AND 

SHAPE 

For most practical purposes it is desirable that the 
asymmetrical current ig shall be as small as possible. 
One general method of achieving this is to separate the 
neutral point from earth by as high an impedance as 
possible, and to keep to a minimum the e.m.f.’s induced 
an 3 rwhere except in the frame aerial itself. It will, 
however, be of interest to examine the dependence of ig 
on the size and shape of the frame aerial. 

In the first place, that part of the asymmetrical e.m.f. 
which depends only on the frame and not on the neutral 

* See Reference (3). ^ . 


iQ{Z^^ -f Z tanh PI) 


^ ^ sinh (^Ph) 
P cosh PI 


(e-J 


cosh 


3PZ 


cosh 


sinh^ {IPI) 

+ ^'^0 - 7 —^ . ( 14 . 1 ) 

^ cosh PI ^ ^ 


and 


%{Zq -j- Z tanh PI) 


2e sinh ^Ph 


" ' P coshPZ 

{4 sinh (\Pl) smh (JPI) cos d} 

+ sinh (fPZ) - sinh (JPZ)] 
where d — 2776 /A. 


(14.2) 


The formulae are complicated and the system appears 
to be, in general, ill adapted for either field-strength 
measurement or direction-finding, and it is not there¬ 
fore proposed to analyse these formulae at any length. 
Some general observations may, however, be made. 

So far as direction-finding is concerned, we have the 
well-known result that the received signal is not zero 
when the frame is parallel to the wave-front, i.e., putting 
l9==0. 


i^iZ^ -f- Z tanh PI) 


2e sinh {iPh) sinh (|PZ) sinh jlPl) 
P cosh PI 


+ 


sinh^ (J-PZ) 
cosh PI 


(14.3) 


This is the familiar '' antenna effect.” It may, however, 
be pointed out that the effect becomes very small when 
I = 2A, a condition which also gives a large maximum 
value. Thus a frame with 2b = h = |A, earthed by a 
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vertical line of length A or JA, might be worth con¬ 
sidering for direction-finding on a fixed wavelength. In 
fact, such a frame has characteristics similar to those for 
the corresponding case with symmetrical tuning, which 
obviously arises from the fact that the effective impe¬ 
dance becomes very small in both cases and the required 
tuning impedance correspondingly small. 


(15) CIRCULAR LOOP: BALANCED TUNING 

The formulae can be derived from (5.2) and (5,3) by 
a process of integration. Referring to Fig. 5, the field 
is assumed vertical and of zero phase at the vertical 
diameter. The tangential components of the fields at 
P and P' will be e sin ^ and — e sin ^ respectively, and 
the phases —0 and Q respectively, where 9 ~ 27rr sin ^/A. 
From (5.2) and (5.3), the element di of i due to the sum¬ 
mation for the two elements rdcjy at P and P' will be 


cosh P{a^ -f \l) 
^ sinh Pa^ 


j-r sin ^ cosh Pr(7r “ <f>) sin 



(15.01) 



Therefore 

. cosh P{ciq -]- ■^Z) 
sinh Pqq 



pTT 



sin ^ cosh Pr (77— ^) sin 
0 




(15.02) 


For the general case when 27rr/A is not an integer, it 
will be a close approximation to put 


cosh 




Pr{7r — (f>) cos — <f>) . (15.03) 


i.e. 'b 


, coshP(aQ 4- \l) 


sinh Par 


.e 

n—r 


.e 


•TT 


sin <j> cos ^^(tt — ^) sin sin d(f> 


0 


3 £ 


. , %7Tr^ . f^irr . , 

sin 0 cos —sin sin (f>j d<p . (15.04) 


0 


The integration can be carried out, for all cases in which 

is not an integer, by means of the well-known 
formula 

sin(nsin<f,) = sinpcf,; p = 1, 3, 6, etc. . (15.05) 

and the result is 
. oosh PO -f- 


0 


sinh Pa, 

.e 


■ 4 pn sin 717t 


where n = 27 rr/A . . . 

Thus the effective induced e.m.f. is given by 

pjp{n) 


; p = 1, 3,5,etc. 


(15.06) 

(15.07) 


Sjnr tan nir .e . ^ | 


{(P+ l)^“-w^}{(p— 

. . (15.08) 

As a confirmation, it may be noted that for small 
values of n this tends to the usual value given in (1.1), i.e. 
the limit of the summation when n 0 is — 


Therefore 


^nruTT — = nrrre 
8n 

277 


. . . (16.09) 

where A = = area of loop. 

If for any reason the more exact formula is required, 
i.e. a formula which includes the small effect of the 
resistance terms on the induced e.m.f., then since 

cosh Pr^ = cos (n - joLr)<f> . . (15.10) 

the more exact formula can be derived by substituting 
[n — jcLr) for n in the above, except in J^[n), which is 
not affected. 

Certain special cases will be of interest. Deriving the 
formula for from (15.02) (as in Section 7) gives 




\jTe 


CTT 


cosh Prrr 
2jre 


cosh Pr^ sin ^ sin {n sin (j))d(f) (15.11) 

0 


r*Tr 


cos riTT 


COS ncj) sin <f> sin (n sin <f>)d<f> . (15.12) 


0 


(1) I = A; i.e. n = 1. 

— 2jre 


nir 




sin 2(j) sin (sin (j))d(f) ~ 0 (15.13) 


0 


In practice will not be zero but will have a very small 
value depending on the resistance term oc. It may be 
noted that for a rectangular loop with 1 = X, was also 
very small. 

(2) I = 2A; i.e. n — 2. 


2jre 


• TT 


cos 2j> sin ^ sin (2 sin (j>)d(l> (15.14) 


0 


- ^l(2)} . . . 

j X 0-448X6 . . . . . 


(16.16) 

(15.16) 
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This may be compared with the formula already deter¬ 
mined in Section (6) for a square coil with I = 2A, i.e. 

2 

ee = j~\e = y X 0 • 637Ae 

TT 

Finally, in Section (iO), it was shown that for a square 
frame with symmetrical tuning, the total length of 
conductor being JA, the effective e.m.f. would be about 
23 % greater than that calculated by the simple formula. 
By formula (15.08) the same ratio can be calculated for 
the circular loop of the same total length. It is found 
that for n = J only the first term of the series is signi¬ 
ficant, and equals 0*504 (i.e. approximately -In), and 
the e.m.f. in this case is about 28 % greater than that 
given by the simple formula. Thus changing the shape 
from square to circular only changes the effective e.m.f. 
by about 5 %. 

(16) A NOTE ON THE MEASUREMENT OF THE 

OUTPUT VOLTAGE 

It was shown in Section (6) that the currents and ^ 
through the equal tuning impedances on either side of 
the mid or earth point on a symmetrically tuned 
frame aerial can be put in the form 

= i-\r \ig 

H — i ~ 

The term ig depends on the nature of the earth connec¬ 
tion, if any, and in any case on the impedance to earth 
of any apparatus connected to the mid-point. Thus, for 
field-strength measurement, unless the current ig 'can 
be made negligibly small it is in general necessary to be 
able to measure the vector sum of the unequal voltages 
produced across the two halves of the tuning impedance 
in series. 

Various means of doing this suggest themselves. For 
example, the voltages can be applied to the grids of a 
push-bell amplifying circuit of which the output is a 
single voltage proportional to the vector sum of the input 
voltages. Such an arrangement, however, though easy 
to design in principle, is not easy to realize in practice, 
particularly to the shorter wavelengths to which most of 
the considerations in this analysis apply. Further, it 
must be pointed out that the direct application of the 
voltages to the terminals of a " push-pull ” rectifier 
circuit will not in general give an output proportional 
to the vector sum of the input voltages. 

It can, however, be shown on theoretical grounds that 
a push-pull frequency-change system may satisfy the 
necessary condition, provided that a close approximation 
to electrical symmeby in the two halves of the system 
can be realized. Similarly the multi-grid frequency- 
change valves in which the frequency-change mechanism 
is essentially the multiplication of a signal voltage and a 
local^ oscillator voltage, will, under the same assumed 
conditions, give an output proportional to the vector 
sum of the input voltages. In both cases, however, 
considerable care will be necessary to realize the assumed 
conditions. 

(17) CONCLUSIONS 

On the assumption that the current and voltage 
relationships for a single conductor bent into a closed 
shape rectangle or circle—can be represented by the 


partial differential equations of transmission-line theory, 
formulae have been developed for the effective induced 
e.m.f. and effective aerial impedance of such closed 
aerials, without limitation of linear dimension. Subject 
to experimental confirmation, the work is considered to 
serve two main objects. (1) It should enable some esti¬ 
mate to be made of the size at which a frame aerial, as 
used for field-set strength measurement, ceases to be 
small'' in the generally accepted sense, and it should 
also enable the e.m.f. induced in such a smalU' frame 
to be calculated, in terms of the field intensity, some¬ 
what more accurately than by the usual simple formula. 
(2) It should serve as a preliminary guide in deciding on 
the type of aerial best suited to field-strength measure¬ 
ment at short and ultra-short wavelengths. 

In the only existing internationally agreed recom¬ 
mendation on the latter subject (Commission I, U.R.S.I., 
1934), the loop aerial is made the standard collector” 
for field-strength measurement for wavelengths longer 
than 15m., and “a di-pole capable of orientation” for 
all other wavelengths. It may be, however, that a loop 
aerial, of dimensions not necessarily small compared with 
the wavelength, would prove to have advantages. This 
is essentially a matter for practical experience, and the 
present theoretical analysis may serve as a guide for 
such experiments. 

Certain other points have emerged from the analysis. 
It has been shown, for example, that a loop receiving 
system having complete geometrical symmetry will not 
necessarily show electrical S37mmetry in its ” maximum 
orientation even in a uniform wave-field; i.e. the currents 
and voltages will not, in general, be symmetrical about 
the vertical axis of geometric symmetry. This is true 
in general even for small loop aerials, but will not in 
general be of practical significance in such cases. It is, 
however, a feature which calls for some care in short¬ 
wave and ultra-short-wave intensity measurements. 

This as3mimetry is of course already familiar in the 
use of coil aerials for direction-finding. The formulae 
give the magnitude of the ” antenna effect ” in any given 
case and confirm, moreover, that the establishment of 
geometrical and electric-circuit symmetry should suffice 
to eliminate the effect in the " minimum ” orientation 
of the loop aerial. 
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THE DISTRIBUTION OF ULTRA-HIGH-FREQUENCY CURRENTS IN 
LONG TRANSMITTING AND RECEIVING ANTENNAE* 
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(Paper first received 22nd November, 1937, and in final form ^th February, 1938.) 


SUMMARY 

The distribution of ultra-high-frequency currents in long 
transmitting and receiving antennae is considered analytically, 
and experiments are described which were undertaken to test 
the conclusions arising from the theoretical analyses. 

With an isolated transmitting antenna energized at any 
point, the current is found to be distributed sinusoidally in 
the two parts of the antenna which are separated by the 
point of energy input. The currents in the two parts are 
dependent upon each other in a manner determined by the 
approximate equations (3) and (4) in the paper. 

With an isolated receiving antenna energized by a uniform 
electromagnetic field, it is found that the current distribution 
is such that current nodes occur at intervals of one wave¬ 
length measured from both ends of the aerial. The distribu¬ 
tion is given approximately by equation (5) in the paper. 

“ End effects ” and modifications produced by the experi¬ 
mental methods used are also discussed. 


(1) INTRODUCTION 

In order to determine the radiating and receiving 
properties of a long antenna, it is necessary to know the 
current distribution along the antenna wire when it is 
used as a transmitting aerial and as a receiving aerial, 
respectively. This, in turn, presupposes a knowledge 
of the variation along the antenna of its impedance per 
unit length: a complex quantity which is not susceptible 
to any simple mathematical treatment. 

Any exact theory must take into account such inter¬ 
related factors as the difference between the wave 
velocity along the antenna wire and in the surrounding 
medium due to the distributed electrical properties of 
the particular wire, the phase change on reflection of 
the waves due to localized electrical properties near the 
ends of the wire, the so-called '' shortening factor ” due, 
according to some authorities, to both distributed and 
localized effects, the possible reflection of the waves 
from the earth’s surface, and other similar items all of 
which tend to make any exact theory extremely com- 
plicated. Various authors have considered one or more 
of these factors and, by suitable approximations, have 
evolved theories which, in the few cases where they have 
been tested, conform approximately to experimental 
data. When, however, experimental measurements at 
very high frequencies are attempted, the inherent diffi¬ 
culties arising from the use of ultra-short waves with 
long antennae introduce errors which are much greater 
than those arising from the usual theoretical approxi¬ 
mations. For example, the introduction into an antenna 
of a current-measuring instrument produces effects at 

“f The Papers Committee invite written communications' for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate. 


very high frequencies which considerably alter the 
current distribution anticipated by any of the published 
theories. In fact, it is not possible, in many cases, to 
decide experimentally between, for example, the simple 
theory of the current distribution in earthed receiving 
antennae with uniform electrical constants put forward 
by Moullinf in 1925, or, say, the more elaborate theories 
of MetzlerJ and Hara,§ the former of whom in 1936 
used transmission-line equations and resolved his re¬ 
sultant current into progressive and stationary waves, 
and the latter of whom (in the same year) calculated the 
radiation impedance of linear conductors assuming a 
sinusoidal current distribution^ Again, Colebrook|| in 
1932 used transmission-line equations and gave three 
different values to the antenna electrical constants per 
unit length for three different parts of the antenna, and 
then considered special cases of his general formula; 
whilst Labus,lf in the following year, determined the 
aerial impedance from the line integral ^E{x)I[x)dx, 
where I[x) is the current produced by the x component 
of the incident field E acting on an aerial with uniformly 
distributed electrical constants. 

In no instance have the theoretical conclusions con¬ 
cerning current distributions in long transmitting or 
receiving aerials been tested experimentally at high 
frequencies, although in 1928 Wllmotte** measured the 
current distribution in the particular case of an earthed 
transmitting aerial which was 11m. long and radiated 
waves as short as 16 • 6 m. 

It was therefore felt desirable to attempt to reduce 
experimental errors as much as possible, and then to 
employ the simplest theory consistent with the fact that 
the errors arising from the theoretical assumptions 
should not exceed those arising from the experimental 
methods adopted. The following simple theoretical 
treatment complied with this limitation, and in Sec¬ 
tion (4) the results of experiments on wavelengths of 
about 70 cm. are compared with the theoretical deduc¬ 
tions. 

^ With greater precision in the future it is hoped to be 
able to verify experimentally some of the more rigorous 
theoretical expressions which have been deduced by 
other authors, but this was not possible with the methods 
and apparatus at present available. 

(2) THEORETICAL CONSIDERATIONS 

The essential distinction between long transmitting 
and long receiving antennae when used with ultra-short 
waves depends on the fact that in the former case 
the input e.m.f. is concentrated over a short length of 

t See Reference (1), $ Ibid., (2). § Ibid., (3). 

\\ Ibid„{J). H iWi., (5). ** (6). 
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he antenna wire, whilst in the latter case it is usually 
unifomily distributed throughout the whole length of 
^ e wire. ^ These two particular cases will now be con¬ 
sidered with a view to determining the approximate 
current distributions which result. 


(A) The Long Transmitting Antenna 

Consider an isolated antenna AB (Fig. 1) of length 

greater than one wavelength, and let it be energized at 

any point P which is at a distance D from the lower 
end B. 


As it IS intended to simplify the theoretical treatment 
as much as possible owing to the unavoidably large errors 
mherent in ultra-high-frequency measurements, it will 
be assumed that the electric constants of the antenna 
wire are uniform throughout its length and that the 
resistance and leakance are negligible compared with the 
inductive and capacitive reactances respectively. 

Then if L and C denote the inductance and capacitance 
per unit length of the antenna wire, the fundamental 
equations for the voltage V and current I at any arbitrary 
point Q are given by 


— == ja)LIdx and — dl == jcoCVdx 

where ^ = y'(--l) and co is 2rr times the frequency. 

Thus d^VIdx^ = ^co^LGV and ^Idx^ = ~u?LGl. 

Hence / == /S' cos 2 to/A -f T sin 27rx/X 

where A is the wavelength and S and T are the inte¬ 
gration constants. These can be determined from the 
particular boundary conditions at A, B, and P. Let the 
cu^ent in the portion AP be and that in the portion 
PB be Then these conditions are:— 


the input e.rn.f. at P. The present problem is, however, 
more complicated because the e.rn.f. at P, unlike an 
e.rn.f. localized at the foot of an aerial, does not alone 
prescribe the motions of the charges in each portion of 
the antenna. For example, the current is not only 
dependent on the e.rn.f. at P but is also affected by the 
current 2^ in the portion of the antenna PB. As a 
consequence of this we must employ the boundary 
condition (iv), which gives the relation between the 
change of current gradient at P and the input e.rn.f., 
and so determines a relation between Uq and Iq, 

On differentiating equations (1) and (2) with respect 
to X, and using condition (iv), we get the required rela¬ 
tion between Uq and 2^, namely 

2 = ^ (sin 27rD/X) sin 27 t {1 - JD)/X 
^ sin 27rl/X 

Hence 


=- A .^0 


sin 2'irDlX 2tt{1 - x)' 
^TT Zr, L sin 27rl/X A 


sin {cat -f tt) (3) 


IB 


A 

1 _ 1 
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(i) At A, X = l and 1^ = 0. 

(ii) At B, a; = 0 and 2^ = 0. 

(iii) At P, X = D and = 2^ = (ss-y). 

(iv) At P, x^D and z^^dlldx) == 

where is some constant. This follows from the fact that 
any change in the current gradient at P must be com¬ 
pensated by a voltage input Thus the fourth 

boundary condition may be written 


Fig. 1 Fig. 2 

and 

A 2^0 rsin 27 t {1 - 2 ))/A . 27 Txn . 

^ 277 sm 277 VA A J 77 ) ( 4 ) 

From these two equations three conclusions imme¬ 
diately follow:— 


/dlA dlji\ Firstly, the current in each portion of the antenna 

--j varies sinusoidally and is zero at the open ends remote 

^ from the e.rn.f. at P. This conclusion has already been 

It will be necessary, in view of this current change "^^sted by Wilmotte* for the particular case 

at P, to treat separately the current in those parts of ^ coincides with the point. B (Fig. 1), and by 

the antenna above and below P. Metzlerf when P is mid-way between A and B. 


From boundary conditions (ii) and (iii), we have 
jS = 0 and T = 27rD/X 

j. sin 27 r(Z — ir)/A. 


Hence 


and 


= 


sin 27 r(Z- 2 ))/A 0 

sin 277a?/A ^ ^ ^ 
sin 2ttDIX^^^ “ 




( 1 ) 


(2) 


That is, if the boundary conditions (i), (ii), and (iii), are 
alone considered, the currents 2^ and 2^ should vary 
sinusoidally and independently along the two parts of the 
antenna with zero current at the open ends remote from 


(&) Secondly, it follows from equations (3) and (4) that 
the two currents and 2^ are not independent of each 
other. If the length of one portion of the antenna be 
an integral number of half-wavelengths (say AP = nA/2), 
then the current 2j5 in the other portion PB becomes 
zero for all values of x, whatever its length (except in 
the special case where PB is also an integral number 
of half-waves in length). Similarly, when PB (or D) 
= nA/2, 2^ = 0 throughout the len^h AP (except when 
AP also equals nA/2). 

Owing to the fact that in any given antenna the 
phase-change on reflection from the open ends of the 


* See Reference (6). 


t Ihid., [2), 
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aerial wire will not be exactly tt, the current will not 
be zero when a; — 0 or and consequently the current 
for example, will attain a minimum value for lengths 
PB or D which will be somewhat less than nA/2. 
Furthermore the finite values of the antenna resistance 
and leakance will affect the magnitude of the currents 
in such a way that the maximum values will be reduced 
and the minimum values will not be zero. 

Again, when the length of one portion (PB say) of 
the antenna is an odd number of wavelengths, the 
current in the other part will be a maximum. That 
is, if D = (2n -f l)A/4, Jj. will be a maximum, or if 
{I ~~ D) ~ {2n l)A/4, will be a maximum. As 

before, these critical values will be slightly modified 
because the phase-change on reflection is not exactly tt, 
and the antenna resistance and leakance are not quite 
negligible. 

Metzler^ has treated this problem of the long trans¬ 
mitting antenna from a somewhat different standpoint 
and has studied the eflects of resistance and leakance 
by analysing his expression for the antenna current into 
progressive and stationary waves; the former determine 
the slight modifications produced on the simple station¬ 
ary-wave system due to currents passing through the 
nodal points in order to compensate for resistance and 
leakance losses in the antenna. 

{c) A third conclusion follows if in equation (3) I is a 
function of I, and D and (Z — x) are kept constant. 
Then cc cosec 27rllX, That is, if the point Q at 
which is measured is at a constant distance from the 
end A, and the point P where the e.m.f. is applied is at 
a constant distance from the end B, then the current 
measured at Q should be proportional to cosec 2'rrl/X. 

Thus by three different experimental methods based 
on the above three conclusions it should be possible to 
check the foregoing theoretical equations (3) and (4). 
Such experiments are described in Section (3), and the 
results are discussed in Section (4). 


(B) The Long Receiving Antenna 

Consider a long isolated receiving antenna AB ener¬ 
gized throughout its length by a uniform e.m.f. 
per unit length. With the same assumptions and 
nomenclature as before, the fundamental equations for 
the voltage V and current 1 at any arbitrary point Q 
will now be 

—cZF ~ jcoLIdx — 


and 

Thus 


~dl 

d^V 

dx^ 

dH 


dx^^ 


jcjoCVdx 

— co^LCV as before, but 


oj^LGI - jojCE^e^^^ 


Hence 

and 


Y = S' cos 2 to/A -|- T' sin 2 to/A 


JP 

JUJ i 


coL 


S' sin 27tx/X -{- 27tx/X 


S' and T' are the integration constants to be deter- 

* See Reference (2). 

VoL. 83. 


mined from the particular boundary conditions, which 
are, in this case. 


(ij at A: x — I and J = 0. 

(ii) at B: a; = 0 and I = 0. 

A W 

Hence from (ii) T' ==- 

Xe 

and from (i) S' —-. tan rrl/X 

27r 

Thus 


/ = 


2E(. , TTxf, rtx 
—:;^sin -X- sm 
cuL A V A 


ttZ xtx 

tan cos "Y" 
A A 


) 


cos (X>t 


2Er 


ojL 


TtI . 7TX . 7T(1 — X) 

sec ^ sm sm-^- 

A A A 


cos {o)t T tt) 


(5) 


From this equation it follows that the current is not 
distributed sinusoidally with current nodes every wave¬ 
length, but that current nodes occur at intervals of a 
whole wavelength measured from both ends of the 
antenna. Looked at geometrically rather than physi¬ 
cally, the current distribution may be considered to be 
represented by a sine wave with its axis parallel to but 
displaced from the antenna wire. This fact was first 
pointed out by Hagen and recorded by Korshenewsky.* 
Colebrook refers to it in the last section of a recent 
paper in the Journal.^ The resulting theoretical current 
distributions for different values of Z/A are shown by the 
seven dotted graphs of Fig. 9. 

The result given in equation (5) for the current at 
any point Q (Fig. 2) may also be obtained by integrating 
over the length I of the antenna the effect at Q of a current 
I^dl at any other point P, with the assumptions that 
waves travel from P with the velocity l/y^ (LG) in both 
directions and are reflected to and fro an infinite number 
of times along the antenna without loss of amplitude 
and with phase-change of tt at the open ends of the 
antenna. 

It was found that the simple theoretical result given 
by equation (5) could not be verified by direct experi¬ 
ment, firstly because the currents were not zero at the 
open ends of the antenna, or in other words, the phase- 
change on reflection of the waves from the ends of the 
antenna differed from tt ; and secondly, because the 
introduction of the current-measuring instrument appre¬ 
ciably modified the original current distribution. It is 
a comparatively simple matter to modify equation (5) 
by taldng into consideration the fact that the phase- 
change on reflection is not exactly tt. The error is that 
which would be produced if the aerial were extended 
by an amount a/2, say, at each end. The phase-change 

at the actual termination of the wire would be 2 

or 27 ra/A, and the appropriate boundary conditions are 
that the current is zero for values oi x equal to —■ 
and (Z -{- ^a). With these conditions the current ampli¬ 
tude at any point Q is given by 




K 


7r(Z H- a) TTCb rril ~ 

sec .-. cos "Y" cos -- 

A A A 


2x) 


( 6 ) 


where El is a constant. This expression reduces to the 


* See Reference (7). 


t Ibid., (4). 
27 
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amplitude of the current given by equation (5) when 

d —^ 0 . 

Although equation (6) should be more exact than 
equation (5) for the current distribution, it is not possible 
to check it practically because of the instrumental error 
referred to above. 

It was found experimentally that the introduction of 
a vacuum thermo junction into the antenna shortened 
its effective length by an amount 2b, say. That is, 
the thermo junction acted as a length 25 of antenna wire 
through which the current circulated but along which 
the e.m.f. of the incident field was inoperative. Conse¬ 
quently, for the ends of this section of the antenna the 
appropriate boundary^ conditions are the continuity of 
current and current gradient and the discontinuity of 
e.m.f. If the thermo junction be inserted at the point Q 
(Fig. 2) and the equivalent length ” of the antenna be 


The graphical representations of equation (7) are given 
by the seven full-line curves in Fig. 9, and may there be 
compared wfith the dotted graphs of equation (5). 

(3) EXPERIMENTAL WORK 
In order to test the foregoing theoretical concliisions 
it was decided to work with as short waves as possible 
so as to keep the dimensions of the apparatus as small 
as possible. Furthermore, the antennae could then be 
elevated several wavelengths above the earth’s surface 
without any serious experimental difficulty. 

A valve oscillator was constructed to work on wave¬ 
lengths of the order of 60 to 100 cm. When testing the 
validity of equations (3) and (4), the oscillator was 
coupled indirectly to a straight brass-rod antenna of 
variable length, and when used in connection with the 
measurement of current distributions in receiving 


c: 



Fig. 3 


l' {= I + 26), then the necessary 12 boundarj' conditions 
are (at distances x' along the antenna);_ 

At B, where x' = — Ja, = 0; = E. 

where x' = {x - b). ^ = J I' = J'- e. 


AtQ 


E., = 0. 


E, 


where x'{x + 6), ^ = o. 


E^ = E. 


At A, where a' = (i + Ja), = 0; i/j = E. 

The currents will differ in phase by the appropriate 
values of 2ttx'IX, but will have constant amplitude, the 
resistance and leakage being neglected 

The resulting equation for the amplitude of the 
current at O is 


io = -K cosec 27t{1' + a)/A[sin 2v{l' 


a 


b)jX 


+ sin 277 6/A . cos 27 r{r - 2 x)lX 
— 2 cos TTa/X . sin 77 ( 1 ' a)lX . cos 7 t{ 1 ' — 2a:)/Al (7) 

The expression on the right-hand side reduces to the 
amplitude in equation (5) when ct =: 6 = 0 and V = Z 
Equation (7) may also be deduced by the alternative 
method of summing the infinite series of waves which 

iMy be considered to travel to and fro along the antenna 
after reflection at the ends. 


antennae [equations (6), (6), and (7)] it was coupled t< 
an ordinary half-wave radiator with a cylindrical para 
bohe reflector. With these experiments the brass rot 
was used as the receiving antenna. 

(A) The Oscillator 

A G.E.C. 4316A valve was used with the modified 
Hartley circuit shown in Fig. 3. To the plate and grid 
were fastened two straight rods A and B, which were 
connected together by a small fixed tubular condenser C. 

he length of the radiated wave could be varied by 
s iding t^s condenser along the rods, thereby changing 
the effective mductance in the circuit. The grid was 
connected to the filament by a variable resistance juid 
small choke D. The plate potential of 400-500 volts 

thrm?ar+?™Tf‘^i and applied 

through the choke E to the junction of the inductance 

rod A and the plate lead. It was found that the filament 

chokes n^ded to be critically adjusted for each wave- 

ength. Each filament lead was therefore constructed 

from a brass tube along the axis of which was a copper 

rod. connected to the tube at on a A-n/i j 

from it me tune at one end and insulated 

S. I ^ intact 

with the inside of the tube, a small brass cylinder could 
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slide. Tlie low-tension supply was connected to the 
rod, and the filament lead to the outside of the brass 
tube. The general arrangement of these filament chokes 
is shown in Fig. 3. The radiating aerial was coupled 
to. the oscillating circuit by placing it a centimetre or 
so from the tubular condenser C and parallel to it. The 
oscillator was calibrated by coupling it to Lecher wires 
along which could slide a circular reflecting copper 



X =5= 74 cm. 
PB = 130 cm. 


(C) Experimental Procedure 
With the transmitting antenna, experiments were 
made to test the three conclusions deduced from equa¬ 
tions (3) and (4), namely: 

(i) The sinusoidal nature of the current distribution, 
assuming J =/(rr;). 

(ii) The condition for m.aximum and minimum values 
of the currents Iji and assuming Ij^ =f[PB) and 

= f(PA) respectively (see Fig. I). 

(iiij The dependence of the current on the total length 
of the antenna, assuming! =f(l)- 

Finally, with the receiving antenna, the current dis¬ 
tributions were measured for 7 values of I'jX, varying 
from 0-86 to 2*51. 

The results of the experiments with the transmitting 
antenna are shown in Figs. 4 to 8, and are discussed 
with reference to equations (3) and (4). The circles in 
Fig. 9 represent the experimental values of the current 
in a receiving antenna. Their distribution may be 
compared with the graphical representations of equa¬ 
tions (5) and (7)-—the dotted and full-line graphs respec¬ 
tively. 



screen. This altered the effective length of the wires 
and gave very sharp current peaks in a vacuum thermo¬ 
junction which was inserted in a wire bridge also capable 
of sliding along the Lecher wires. 

(B) The Receiving Antenna 

The brass-rod antenna was made in sections of varying 
lengths which screwed together in such a way that a 
vacuum thermo junction could be incorporated in the 
antenna at any required point, and could be moved 
along the antenna by unscrewing a portion from one 
end and screwing it on the other. The rod was 8 mm. 
in diameter. As an alternative method, the vacuum 
thermo junction was placed in a small bridge the 
ends of which slid along the antenna and made con¬ 
tact with it The distance between the ends was 
about 2 cm. 


(4) RESULTS 

(A) Transmitting Aerial 

(a). Fig. 4 shows the sinusoidal form of the current 
along one part of a transmitting antenna, and, except 
for the slight displacement a of the current curve, it 
confirms the accepted theoretical distribution for a 
distance of nearly 2 wavelengths. The displacement a 
is discussed when referring to Figs. 6 and 7 below. This 
graph was obtained by gradually moving a vacuum 
thermojunction along the antenna from B towards P, 
keeping the lengths AP and PB constant. The spacing 
of the current nodes at intervals of wavelength 
measured from the free end has already been shown by 
Wilmotte* for the first node in the case of an earthed 
transmitting antenna. 

(&). Fig. 5 shows the same current distribution and 

♦ See Reference (6). 
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also the fact that, in the portion PA of the antenna, 
the current increases from a minimum to a 
maximum as the length of the other part PB increases 


110 cm. This is not because the portion AP has maxi¬ 
mum impedance whatever be its length, but rather 
because the other portion PB has a constant minimum 



Fig. 6 


from nA/2 to [%n + l)A/4, n being 2 in this particular 
case. That the minimum value of is dependent 
on the length of the portion PB and is practically 
independent of the length PA in which the current is 


impedance, and the two portions may be considered to 
act^as parallel loads. These variations of the current 

more clearly shown in Fig. 6, where the 
length PB (or D) was gradually increased from about 



Fig. 7 


AB = 175 cm. 
BQ 5= 166*5 cm. 


flo^g, was shown by the fact that its variations fwhen 

and equal to A) were almost negligible 
as AP was increased in length from about 35 cm. to 


8 cm. or less than ^ wavelength to over 2 wavelengths. 

urrents and in this figure correspond to the 
values 4 , Jg, and I^, respectively, in Fig. 5. The 



CURRENTS IN LONG TRANSMITTING AND RECEIVING ANTENNAE 


current varies periodically with distance, the period 
being wavelength, but the turning points are displaced 
by 4 cm. from the positions calculated from the wave¬ 
length as measured on Lecher wires. The fact that the 
equivalent” length of an antenna is greater than the 
geometrical length has been ascribed to various causes. 
Tani* states that the wavelength of the wave on the 
antenna wire is markedly shortened as antenna insulators 
of large capacitance are used.” Metzlerf uses a reduced 
wavelength scale dependent on the velocity of wave 
propagation along the wires, whilst HaraJ ascribes the 
effect to reflection from the earth and to the thickness 
of the aerial wire. All these factors produce a kind of 
shortening effect which is operative throughout the 
length of the antenna and may be measured in equiva¬ 
lent centimetres of antenna wire. But with the present 
experiments such effects are negligible compared with 


Fig. 7 is similar to a part of Fig. 6, and shows the new 
positions of troughs and Tg in the latter figure when 
an idle thermo junction (with leads and ammeter) was 
inserted in the portion PB of the antenna. The differ¬ 
ence in the positions of these troughs in Figs. 6 and 7 
gives the equivalent length of the idle thermo junction 
in centimetres of antenna wire. From the figure this 
is seen to be about 11 cm. for each junction. Hence 5 

in equation (7) is equal to 5 • 5 cm. 

Thus a total correction of 19 cm. is necessary when 
both corrections arise, as, for example, in the current 
distribution measurements in a long receiving antenna 
where there are two end-effects and one thermo junction 
correction. 

{c). The third deduction which was made from 
equations (3) and (4) was based on the fact that 
oc cosec 27rZ/A when D and (Z - x) in equation (3) 



1-0 1'25 1-5 1-75 2-0 2*25 2-5 
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Fig. 8 


that produced at the ends of the antenna, and by far 
the largest change in the equivalent length was produced 
by altering the shape of the end of the wire. We believe 
that over 90 % of the effect referred to here is due to 
the fact that, on reflection of the waves from the end 
of the antenna, the phase-change is not exactly tt and 
the resultant current at the end is not zero, Tani referred 
to a similar end-effect and stated that he obtained 
a shortening factor of 3*8% when “a capacitance 
of 2 *87 /x/xF was placed at the end of the antenna.” 
It would seem desirable to distinguish the distributed 
shortening effect from the localized end effect. 
It is significant that, when both ends of the antenna 
are involved, the effect is almost exactly doubled. The 
value of 4 cm. is therefore the value of a in equation (6) 
and the equivalent phase-change on reflection with this 
antenna was therefore 1* 11 tt, the wavelength being 
72 * 8 cm. Apart from this '' end effect,” which is now 
being investigated further. Figs. 4, 5, and 6, give support 
to the conclusions (a) and (b) deduced on page 416 from 
equations (3) and (4) . ; 

* See Reference (8). t md., (2). t (*). 


were kept constant. This was tested experimentally by 
gradually increasing the length of the portion PQ of 
the antenna (Fig. 1), thereby keeping AQ [or (Z — a;)] 
and BP (or D) constant. The current should reach 
infinity for values of Z/A == wA/2 and should have some 
constant minimum values for Z/A — (2n + l)A/4. Re¬ 
sistances will of course modify these theoretical conclu¬ 
sions concerning infinite current values, and the 
experimental results (corrected for the end-effects and 
thermojunction) are shown in Fig. 8. 

(B) Receiving Aerial 

For testing equations (5) and (7) a vacuum therrho- 
j unction was gradually moved along the rod antenna 
which was used as a receiving aerial at a distance of 
several wavelengths from the transmitter. To move 
the thermojunction a portion of the rod was unscrewed 
from one end and screwed in the other, and the aerial 
adjusted so that its position remained fixed with respect 
to the transmitter. 

In Fig. 9 the experimental values so obtained are 
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shown by the small circles, whilst the graphs are plotted 
•from equations (5) and (7). It is seen that the results 
of the experiments agree reasonably well with the latter 
equation. 


(5) CONCLUSIONS 

In general, the experimental results discussed in 
Section (4) seem to lend 'support to the theories put 
forward in Section (2). Consequently, it may be 
assumed (i) that the currents in a transmitting antenna 
are practically zero at the free ends, with nodes and 
antinodes spaced alternately along the antenna ware at 
^-wavelength intervals, (ii) that the current is sinu¬ 
soidally distributed along the tvro portions of a trans¬ 
mitting antenna which are separated by the point of 
energy input, and (iii) that the currents in the two 
portions are dependent upon each other in the manner 

indicated by equations (3) and (4). 

In the case of an isola'ted receiving antenna energized 
by a uniform radiation field, the current is distiibuted 
approximately as indicated by equation (5), or more 
accurately by equation (6), and current nodes occur at 
the free ends and at intervals of one whole wavelength 
measured from botli ends of the antenna. 
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MULTIPLE REFLECTIONS BETWEEN TWO TUNED RECEIVING 

ANTENNAE* 


By Professor L. S. PALMER, D.Sc., Ph.D., Member, W. ABSON, and R. H. BARKER. 

{Paper first received 22nd November, 1937, and in final form 1th February, 1938.) 


SUMMARY 

A consideration of previous work on the reflecting action of 
an idle or parasitic receiving antenna suggested the desirability 
of investigating the extent to which multiple to-and-fro reflec¬ 
tions between parallel receiving antennae affect the currents 
produced in them. In order to avoid the possible errors 
arising from the assumption that tuned half-wave antennae 
act as Hertzian dipoles, the values of the mutual impedances 
and phase differences deduced by Carter and tabulated by 
Tani are used in the present work. 

By considering the effects of multiple reflections between 
two tuned receiving antennae, formulae for the antenna 
currents are obtained in terms of the currents produced in the 
antennae when isolated, the distance between the antennae, 
the wavelength, and the orientation of the plane containing 
the antennae to the direction of wave propagation. 

The validity of these formulae was tested by experiments 
with electromagnetic waves 80 cm. in length, The experi¬ 
mental results are compared with the graphical representations 
of the formulae, and for antenna spacings greater than about 
one-quarter of the wavelength, it is concluded that (i) the 
effects of multiple reflections do not appreciably affect the 
optimum or critical spacings between the antennae, but must 
be taken into account when determining the antenna currents, 
and (ii) tuned antennae may be considered to act as Hertzian 
dipoles. 

Witli parallel tuned antennae oriented with the line 
joining them parallel to the direction of wave propagation, the 
optimum distances between them for maximum current in the 
leading antenna are O-SlA, 0‘85A, 1-36A, 1*87A, etc. In the 
trailing antenna the current gradually increases as the antenna, 
spacing increases above a value somewhat less than 0*2A 
For maximum current in either antenna when oriented with 
the line joining them perpendicular to the direction of wave 
propagation, the optimum spacings are 0* 67A, 1* 71A, etc., and 
for other orientations the current variations with antenna 
spacing are determined by equations (4) and (6) when the 
field is uniform, and by equations (5) and (7) when the field is 
not uniform. 


(1) INTRODUCTION 


King,t and BrownJ all of whom deal essentially with 
questions of radiation impedance and its dependence on 
antenna spacings, current distributions and phase dif¬ 
ferences. In practice, it is usual with transmitting 
antennae to determine the antenna spacing appropriate 
to a specified phase difference and to space and feed the 
antennae accordingly. With a tuned idle or parasitic 
reflecting antenna (whether used in a transmitting or 
receiving array) the phase difference is automatically 
determined by the ratio of the distance between the 
antennae to the length of the wave. This was discussed 
by Englund and Crawford§ in America and by Palmer 
and Honeyballll independently in August 1929. The 
object of the latter authors was to determine the optimum 
spacing between two parallel tuned receiving antennae. 
The theoretical treatment was approximate because, 
firstly, the antennae were assumed to act as Hertzian 
dipoles, and, secondly, when the current in either antenna 
is represented mathematically by an infinite series of 
terms which may be assumed to represent the effects of 
an infinite number of to and fro reflections between the 
antennae, then the previous treatment only considered 
the first term of the series. In other words, the initial 
effect of one antenna upon the other was alone considered 
and not the effect of multiple reflections between them. 
These multiple reflections, although of progressively de¬ 
creasing importance, do affect the value of the currents 
produced in the antennae. 

Carter 1[ considered the finite length of each antenna 
and deduced expressions for the radiation impedance and 
for the phase, difference between the antenna currents. 
Tani** and Brown and Kingff developed similar theories, 
and the former tabulated the values of the mutual re¬ 
sistance and reactance for various antenna spacings and 
lengths. Because it seems that Carter's assumptions 
approximate more closely to the actual experimental con¬ 
ditions than the assumptions underlying the dipole 
theory. Carter's formulae (using Tani's tables) have been 


The advent of short-wave beam antenna systems has 
led to the publication of many papers on the radiation 
impedance and directional properties of various kinds of 
antenna arrays consisting of two or more parallel wires. 
Since the early work of Abraham f and others, perhaps 
the most important contributions to the subject are those 
of Bontsch Bruewitsch,} Wilmotte and McPetrie,§ 
Pistolkors,l| Beckmann, If Carter,** Tanhff Brown and 


* The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of The Institution not later than one month after publication of 
the paper to which they relate, 

t See Reference (1). $ lUd., (2). § lUd., (3). 

11 Ibid., (4). Tf Ibid., (5). *♦ Ibid., (6). ft (7). 


adopted in the present work. 

None of the authors cited above has treated the problem 
of two antennae from the point of view of multiple to- 
and-fro reflections. In the most recent workjJ Brown 
states “ The current in antenna 1 is so weak that the 
reaction back into the antenna' 0 is negligible." * This 
is not necessarily true, because the current in antenna 1 
may be nearly as great as that in antenna 0. Conse¬ 
quently it was felt desirable to extend the previous work 
of Palmer and Honeyball by considering multiple reflec¬ 
tions and by adopting the more exact expressions for the 


t See Reference (8). J Ibid., (9). 
II Ibid., (G). ** Ibid., (7). 


II Ibid., (11). 
Xt Ibid., (9). 



§ Ibid., (10). 
ft Ibid., (8). 
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mutual impedance and radiation field which have since 
been developed by Carter, Tani, and Brown and King. 
It should then be possible, in the mathematical expression 
for the antenna current, to determine the importance of 
those terms representing subsidiary refiections by com¬ 
paring the experimental values of the optimum antenna 
spacings with the results previously obtained. 

The method of analysis employed may be regarded as 
an analytical expedient. It is not suggested that by 
multiifie reflections the currents in the antennae take a 
finite time to attain their measured values. 

(2) THEORETICAL CONSIDERATION 

In order to determine the antenna current produced by 
any given radiation fields, it is obviously necessary to 
have a knowledge of the antenna impedance and of the 
factors upon which it depends. This question has already 
been the subject of much previous work (see above). In 
order to simplify the experimental work, a direct deter¬ 
mination of the antenna impedance was rendered un¬ 
necessary by comparing the current produced in two 
antenna when both are present with the current produced 
in either antenna when isolated. This procedure was 
employed by Brown* and involves the usual assumption, 
namely that, in the neighbourhood of one receiving 
antenna, the component of the field due to the distant 


' V 

Direction 

_ 

of wave 1 

_ V . - 

propagation 

_—V- 

Trailing antenna Q • ^ 

Fig. 1 


transmitter is not appreciably affected by the proximity 
of the other receiving antenna. The experimental results 
of most authorities seem to justify this assumption, a 
least for distances between the antennae which exceed 

about 0 • 2A. ^ . . 

In what follows the “ dashed ” symbols (e.g. I )xe 

the antennae when isolated and the * undashed sym o s 

to the antennae when both are present. _ , 

In Fig 1, P and Q are two identical tuned half-wave 
linear antennae situated in a uniform electromagnefac 
field polarized with its electric vector parallel to fte 
antennae. This field is produced by some distant 

transmitter T. ^^ 4 . 

Suppose the antennae are a distance ^ 

plane containing them is oriented at an angl 8 

direction of wave propagation. . i pn-rrent 

Then, with antenna Q (say) absent, 

■nroduced in the antenna P be pi — plo ^ * 
distance D from P the field due 

P will be proportional ^ 

given antenna, A and p are theorv of 

and the wavelength A. According to the dipole the ry 

Hertz, these constants are given byi J 


A 




1 1\* , 
-1 —; 1 and 


a 


4 


a' 


and jS 


a — arc tan 






* See Reference (9). . ... 

t Seep, 1046 of Reference (li). 


j See p. 387 of Reference (12). 


where a = 27rDlX. Pistolkor’s* expressions for A and p 
reduce to A = (a^ -f- 77^/4)-“^ and P = (a- -f- 
whilst Tanif gives tables of values of A and P for different 
ratios of D/A in terms of Bpq and XpQ —the radiation 
resistance and reactance respectively of the aerial airay 
PQ. In Carter^st and Tani’s§ papers 

A = {RpQ -f Xpq) 1 and jS = arc tan (— XpqIEpq) 


If now the antenna Q be placed near P, it will be 
influenced both by the field from the distant transmitter 
T and by the re-radiated field from P. That is, the 
current in Q from these two component fields will be 
given by the vector sum 


qIq sin [cot — oc) "t" AjBpIq sin [cot p) 


where qIq is the amplitude of the current produced in the 
antenna Q by the field from the transmitter T, and oc is the 
phase difference 27 rD cos 0/A. In the second term, JB is 
a constant involving the resistance of the antenna Q, 
and the wavelength, but is independent of the distance D. 
In addition to these tvro component fields in the neigh¬ 
bourhood of Q, there will be other component fields of 
less magnitude due to the re-radiation from P of energy 
it has received from Q. The initial current qIq sin [cot ct i 
in O will produce a current ABqIq sin (cot — gc — ^) in P, 
which, in turn, will re-radiate to Q, producing a current 

A^B^qIq sin [cot — CL 2^), 


Thus the final current qI in Q may be considered to be 
the resultant of an infinite series of component currents, 

i.e. 



qIq sin (cui-a) -^ABpIo sin (cot-P) 
MAB)2oIosin(a)i-a-2^)-f (AD)Vosin 

^qJo sin (coi—cc—4 ^)t-... • • • 




—a- 




Similarly 

pi = plo sin cot-\-ABQlo sin [cot — 

-h (ABfpIo sin ((ot-2p) + (AB) Vo sin {o}t 
(AB)^pIo sin [cot 4^)-r • • • 

These series may be summed quite readily in the special 
case when 9 = 90°, that is, when the plane containing 

the antennae is perpendicular to the direction of wave 
propagation, but the exact summations for any other 
values of 9 (or a) are somewhat cumbersome. 

When 6 — 90°, we have the simplifications. 

a = 0, plo = qIo = -fo. and p/q = = 4 

Hence the amplitude Iq of the current in either antenna 
in the presence of the other is gi\^n by 

Jo = -Toll — 2-4^8 cos j8 + (-45)-]“^ 


( 2 ) 


rn this equation 4 and Iq can he directly measured, whilst 
4 and B are hnown constants. B can thus be detemune^ . 

' Tn a non-uniform radiation field the second two simpy 
icationrmay not he justified even when 0 = 90=. In 
this case, let qI^pIo = C, where 0 is not now equal to 

i See pp. 1010 and 1016 of Reference ib). 

§ See Reference (7). 
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unity. Then equation (2) must be replaced by' the 
equations 

pJo = - 2ABa cos ^ . (3a) 

and qIq = qII) 

Thus, if pl^ and pIq be measured directly and the value 

(p^o ~ p^o^)Ip^o be calculated, the validity of equa¬ 
tion (3<2) may be tested by the linearity of the graph 
obtained by plotting the above function of the currents 

against the expression [2A<7 cos ^ treating 

the latter expression as a function of G and D/A. The 
value of the constant B can be determined from equa¬ 
tion (2) or from equations (6) and (7) (see below). In a 
similar way equation {3&) may also be tested. 

For values of 6 other than 90°, the right-hand sides of 
equations (1) may be summed approximately by making 
the assumption that terms involving {AB)^ and higher 
powers can be neglected. This is equivalent to neglecting 
all reflections after the first two, a procedure which 
is justified because experiments have shown that 
(AB)^ <0*01. Consequently, if the antennae are situated 
a distance from the transmitter which is very great com¬ 
pared with the distance between them and the radiation 
field is assumed to be constant over the distance PQ 
(Fig. 1), then pl^ = and 

pJg~Jo[l+2^S COS (a+j8)+(45)2(1 + 2 cos 2^)]^ (4a) 

and 

q7o~/o[i+245 cos (a-j8) +(45)2(1+2 cos 2j3)]^ (46) 

If the radiation field in which the antennae are situated 
is not uniform then pIq 4= qIq and equations (4) must be 
replaced by 

P^o ~ pI'^^r^ABC cos (oc-[-^)-f-(AB)^(C^+2 cos 2jS)]^ 

and • • 

r AB "li 

qIq = qIq 1^1+2—cos(a—/3)-{-(-4D)2(C”2-{-2cos 2/3) 


^AB ^ /AB\^ 


m 


linearity of the resulting graph, and the constant B can 
be determined from its slope. 


(3) EXPERIMENTAL WORK 
(a) Apparatus 

In order to test the foregoing conclusions concerning 
the values of the currents in two parallel tuned afitennae, 
it was decided to work on ultra-short waves in order to 
reduce the size of the necessary apparatus to manageable 
dimensions. For this reason a valve oscillator was used 
which operated on a wavelength range of from 60 to 
100 cm.* The-radiating circuit consisted of a half-wave 
antenna placed at the focus of a cylindrical parabolic 
reflector of 2|A aperture and |A focal length. The 
antenna was fed by feeder lines one wavelength long 
which protruded -|A through the back of the reflector and 
the whole apparatus was elevated about 2| m. (or about 
3A) above the ground, in order to minimize ground 
reflection effects. From previous experimentsf in the 
locality, reflections from the ground were found to be 
negligible at heights greater than about 2|A. 

The receiving antennae consisted of short brass rods 
which were mounted vertically on a wooden arm capable 
of rotating in a horizontal plane about a vertical axle 
through its centre. The revolving arm was at such a 
height above the ground that the antennae were level with 
the transmitter. The two antennae could slide along the 
arm, thereby changing the distance D between them, 
wliilst the rotation of the arm controlled the value of 9, 
The currents were measured by inserting vacuum thermo¬ 
junctions at, the centre of the antennae, and arrangements 
were made for the d.c. leads to remain perpendicular to 
the antennae as they rotated. In order to get a. tuned 
half-wave antenna, the length of the rod was gradually 
adjusted until the current recorded was a maximum. 
The geometrical length was then found to be about 19 
cm. shorter than A/2. This difference in length agreed with 
the similar value determined by Palmer and Gillardt 
using the same wavelengths with similar apparatus. 



where C = qIq/pIq as before. These equations reduce to 
equations (3) when a = 0. 

In order to test experimentally the validity of 
equations (4), it is useful to combine them together, 
with the consequent elimination of the terms involving 
(AB)^. We then get 


o 

<3^6 


• P-^0 




= 445sinasia^ 


( 6 ) 


Similarly equations (5) become 

— p/p) — {qIq^ — pIq^) ^ 

pIq qIq 


4A.B sin oc sin ^ . (7) 


In equations (6) and (7) all the currents can be measured 
and the appropriate function can be plottesd against 

sina[=/(^)], keeping D/A and therefore A and sin jS 
constant. Thus the dependence of the currents upon the 
orientation 9 of the plane containing the antennae to 
the direction of wave propagation may be tested by the 


(b) Experimental Results 

When an isolated antenna was moved about in the 
locality in which the experiments with two antennae 
were to be carried out, it was found that the current 
in the isolated antenna did not remain constant. 
No adjustment of the reflector or transmitting aerial 
would make the field sufficiently uniform. Owing to 
this inability to obtain a sufficiently uniform field 
throughout the region in which the receiving antennae 
were situated, it was not possible to check directly the 
validity of ^equations (2), (4), and (6). These equations 
assume pJo= qJq (or <7 = 1). Consequently values of 
pIq and qIq were recorded independently and experi¬ 
ments were undertaken to test the validity of equations 
(3), (5), and (7), which do not assume that pIq == qIq, 

(i) Antenna oriented so that 0 = 90®. 

The receiving antennae were set up at a distance of 
about 6 or 8 m. from the transmitter, so that the plane 

* The details of this oscillator are described by Palmer and Gillard in their 
paper on page 416. 

t See page 70 of Reference (14). | See page 421 of Reference (13). 
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containing the antennae was perpendicular to the direc¬ 
tion of wave propagation (0 = 90°). Measurements of 
p^o taken for 62 values of D/A, ranging from 

0*13 to 1*71, and after each observation one antenna 
was removed and the value of pJo (or qIq) was then read. 

The function [l - (pIq/pIq)^] plotted against [2AG cos ^ 

~ B{AC)^'\ is shown in Fig. 2, which is a linear graph to 
within the errors of experiment. In this graph there is 
no indication of the values of D/A for which the current 
pl^ (or the ratio pIqIpIq) is a maximum or a minimum. 
Consequently the same data have been replotted in Fig. 3 
so as to show the variation of the current pl^ with increas¬ 
ing values of the ratio D/A. The full-line graph is that 


is in contrast with the lack of agreement for such small 
values of D/A when the plane containing the antennae is 
not perpendicular to the direction of wave propagation 
and d 4= 90° (see Figs. 5, 7, and 9). 

(ii) Antennae oriented so that 0 = 0°. 

Similar experiments were carried out with the 
receiving antennae and transmitting aerial all in line. 
Sixty-seven measurements of pl^/plo for values of D/A 
ranging from 0*13 to 1-91, and 33 measurements of 
Q^oIq^o for values of D/A from 0*13 to 1*27, were taken. 
The data are plotte/i as linear graphs in Figs. 4 and 6 and 
with D/A as abscissae in Figs. 5 and 7 respectively.* In 



1 " 

. 2 =“ cos {« + iS) + (aP)2(C2 + 2 cos.2/3)] 

[l+2J.PCcos(a4-j3)]. 

4 . 4 . Experimental values of (pJo /pZj)^ 


Pig. 5 

(1) With A and ^ according to Carter tor antennae in length. 

(2) With A and ^ according to Hertz for antennae of negligible length. 

(3) With A and ^ as for (1) but neglecting multiple reflections. 


of equation (St?) in which the values of A and ^ in the 

expression \l — 2AJBC cos ^ (MD(7)^J~~^ have been cal¬ 
culated from Carter^s theory, using Tani’s tables for 
antennae of length equal to A/2. The dotted graph is 
also from equation (3a), but the values of A and B are 
those used by Palmer and Honeyball, based on Hertz's 
dipole theory which assumes the antennae to be of 
length (see page 425). The “dashed" graph 
neglects multiple reflections, and the ordinates have been 

calculated from [l -}- 2AJBC cos jS -{- (ADC)^], which ex¬ 
pression is obtained by taking only the first two terms 
of the original series. 

In Fig. 3 it may be noted that the current ratios for 
values of D/A as small as 0*13 agree to within the errors 
of experiment with the theoretical full-line graph. This 


these latter figures the full-line curves are the graphical 
representations of equations (5), in which Tani's values 
of A and ^ are used; and the dotted graphs are also 
calculated from equations (5) but with the values of A 
and ^ deduced from the dipole theory of Hertz. The 
dashed " graphs are based on the assumption that 
multiple reflections are negligible in their effect on the 
currents pi or qI. 

Because of the curious deviation of certain points 
(marked with a cross in Figs. 4, 5, 6, and 7) from the 
theoretical curves for values of D/A less than about 0*2, 
it was thought advisable to check the data for this 
orientation of the antennae and plot the results in 

^ * Owmg to a calibration variation the value of qI' was found to be 2 % too 
experimental points in Figs. 6 and 7 have been corrected 
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accordance with. ec][uation (7) in which, since 6 ^ 

right-hand side reduces to 4 .Aj 5 sin ( 27 rD/A) sin p. It is 
significant that no such deviation occurs for small values 

t 



0*1 0-2 


D/X from 0-13 to 1*27 
j5(from slope) = 0*003 


Fi^. 6 


• 1*2 


vary from P/A equal to 0*30-0-80. The curious devia¬ 
tions noted above for small values of P/A are here 
definitely confirmed. 

(ui) Antennae with the plane containing ^^2*^ 

'■ at any angle to the direction of wave propagation. 

Finally, experiments with the antennae revolving 
(variable 6) were carried out for four constant values of 
DlX. viz. 0-60, 0-42, 0-38, and 0-22. _ The results are 
calculated according to equation (7) (using F = 0 • (103 as 
deduced from Figs. 4 and 6) and are shown as a linear 
<^raph in Fig. 9 and as polar diagrams in Fig. 10. In 
this latter figure the radii vectores are proportional to the 
current amplitude plo- The signficance of the divergence 
from the theoretical graphs of most of the experiment^ 
points marked with a cross, for which D/A is equal to 
0-22, is discussed below. 

(4) CONCLUSION 

From the linearity of the graphs shown in Figs. 2, 4, 6, 
8, and 9, it may be concluded that the currents in two 
parallel tuned receiving antennae would vary with the 
Ltenna spacing (i.e. with D/A) and mth the orientation 
of the plane containing the aerials (i.e. with d) m the 
manner indicated by equations (2), (4), and (6), when 
situated in a uniform radiation field, and vary in accord¬ 
ance with equations (3), (6), and ( 7 ), when m a non-uniform 
field But from the deviations for small values of D/A 
shown by the points marked with a cross in Figs. 4 to 8 
for which 6 = 0“, it is evident that the theoretical equa¬ 
tions are not applicable to values of D/A less than about 
0*25 when the line joining the antennae passes throng 
the transmitter. Furthermore, by considering the 
divergence of the points marked with a cross in Figs. 9 
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It 

of D/A in Figs. 2 and 3, for which 8 = 90°. The 12 pomts 
marked with a cross in Fig. 8 were 

BIX ranging from 0-13 to 0-30. The other 21 pomts 


and 10 it is apparent that the foregoing theory applies 
to the currents in parallel antennae which are close together 
(i.e. small D/A) only when the line joining them is more or 
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less |)er|>eiidiciilar to the direction of wave propagation 
(i.e. 8 ~ 90*^'). This follows from the fact that the points 
marked with a cross in Fig. 9 only coincide with the 
straight line at the origin, where 0 == 90'^, whilst in 
Fig. 10 such points are near the curve (d) only in the 
neighbourhood of 90°. In other words some uncon¬ 
sidered effect is operative when the antennae are close 
togetlier and the line joining them is not perpendicular to 
the direction of wave propagation. It seems probable 
that:, with these particular conditions, the assumption 
that the presence of one antenna does not affect the field 
produced by the transmitter in the neighbourhood of the 
other is not true. A comparison of the points marked 
with a cross in Figs. 5 and 7 shows that the current in the 
leading antenna P is abnormally increased at the expense 
of the current in the trailing antenna Q. 


field in the neighbourhood of the other, ar.d iv 
variations in the received currents with in li.n' 

ratio P/A and with the orientation 8 are civen iny ya.> 
tions (4) and (6) when the radiation field is nniihrin, 
by equations (5) and (7) when the field is not linin.-rm. 
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DISCUSSION ON 

“ THERMAL FLUCTUATIONS IN COMPLEX NETWORKS 


Mr, D. A. Bell (communicated ): I believe that the 
analysis given in Appendix 1 of the paper can be made 
of even greater generality by a very slight change in the 
handling of the transfer impedances. 

Since I have indicated in a recent paperf that the 
fundamental property of a pure resistance is probably the 
generation of the fluctuation current 



4ET 

R 


df 



rather than the voltage V = 4RhTdf, it is interesting 
to repeat the analysis in terms of a fluctuation current 
in place of voltage. In order to avoid confusion with the 
author’s notation, while using his Fig. 11, the letter N 
■with suitable sufflxes will be used to represent'various 
impedances, defined as follows:— 


Now let a current from an external generator be 
injected throughout the points A, A^ The mean square 
current in will then be 

l,2| ioN^AA' 

% O- 

N^a N^a 


and the power dissipated therein is 


.21 


'^X — 


tAnIa' 


N. 


(C) 


xA 


But if the input impedance Nj_a ' as viewed from the 
external generator is made up of resistive and reactive 
components in series, m -f jn, the power absorbed from 

the generator will be Comparing this with the 

power dissipation given by equation (C), we find that 


(1) Let be equal to the p.d. between the points 

A and A' (on open circuit externally) per unit current 
in 

(2) Let / be the internal impedance between A and 
A , i.e. the p.d. between A and A' per unit current injected 
from a generator connected between these two points. 

(3) Let be equal to the current in per unit 

p.d. across AA', i.e. N^a is the impedance from A to a? 
corresponding to the impedance N^x from to A. 

Assuming an input mean square current % flowing in 

we then have an output mean-square voltage across 
AA' given by 




AA' 




•9 

Ax X 


and, using equation (A), 

l^AA'l -- 




X 


-9 


2 

'^AA' 


Na^T, 


X 


N 


A A ‘ 


nIa' 


x 


For a number of resistive elements within the network, 
the resultant mean square fluctuation current between 
A and A' will be 

,1 _ 

I ~ ■ / r~T - ■ • 

dtd aA' ^ AA' ^^ 

t Br.F. C. Williams (see vol. 81, p. 751). 

t A Theory of Fluctuation Noise,” Journal 1938, vol. 82, p. 522. 



^ r^^N^A’ 

m -5— 

N^a 

or, in the general case of many resistive elements, 





Comparing equations (B) and (D), we find that, provided 

Nax = nIa> 

\Iaa'\= 4Jtdf 

corresponding exactly to the result obtained by the 
author in the analysis based on fluctuation voltage. 

Now he demanded, as necessary for the validity of his 
analysis, the condition and therefore limited 

himself to linear networks. But, as presented above 
(and the same could be shown to be true of the author’s 
analysis), the necessary condition is a relationship between 

squares of impedances, and it appears that 

this must be satisfied even by non-linear networks. For 
consider the system shown in Fig. A, where two equal 
resistances R at the same temperature T are joined 
respectively to pairs of terminals 1 and 2 of a non-linear 
impedance supposed to be such thd±Z^^ 4= but both 
2.nd Z^-y^ are large compared with R. Now, on any 
hypothesis, two equal resistances at the same tempera¬ 
ture will generate equal apparent fluctuation voltages, 




DISCUSSION ON “THERMAL FLUCTUATIONS IN COMPLEX NETWORKS” 


433 


say of mean-square value F^. Then, since Z is large 
compared with R, the two currents flowing in the circuit 

are approximately 


112 


Y^IZ% 


ill = 

The amounts of. energy transferred from resistance 1 to 
resistance 2 and from resistance 2 to resistance 1 are 

then 


W 


12 


TF, 


21 


Rll^ = RV^Izh 


j . . . 


(E) 


But unless the resistance receiving the greater 

amount of energy will rise in temperature, and heat will 
then be transferred in a self-acting system from a body at 
a lower temperature to one at a higher temperature. 
This, however, is contrary to the second law of thermo¬ 
dynamics* and is thus impossible. Therefore, from the 


R,T 


■R,T 


Fig. A 

necessity of equating W 12 F^2i equations (E), we 
are compelled to put 


-^12 


„2 

^21 


discussed. I cannot agree, however, that Mr. Bell’s 
analysis is equivalent to that developed in the paper. 
His analysis leading to equation (D) is a repetition of 
jYppgndix 2, and comparison of the notations in the 
resulting equations shows that 


\m\ 


r; 




9 

Zj AAi 


N 


Ax 


A^Ax 


From Mr. Bell’s equation (B), 


r.2 .7 

Vaa' — / . r 


X / T, 


X 


But, expressing equation (2) of the paper in Mr. Bell s 
notation by means of the identities given above. 


It follows that the theorem proved by the author, that 
the fluctuation voltage at the terminals of a complex net- 
wrork is of magnitude corresponding to the resistive com¬ 
ponent of the impedance as viewed from the terminals, 
is also true of non-linear systems, provided only that the 
resistive component of the impedance is ca,lculated in 
terms of power dissipation. I have already discussed the 
application of this principle to the thermionic valve (in the 
paper quoted above); but is it not also possible that the 
iron-cored coil, for which experimental figures are given 
in Fig, 8 of the present paper, was in fact a non-linear 
system if hysteresis losses were appreciable ? It would 
be interesting to try the experiment on a more thoroughly 
non-linear device, e.g. an iron-cored coil without air-ga;^ 
and perhaps with a suitable polarizing current. In such 
cases, where it is necessary to discriminate against 
harmonics, the resistive component of the input im¬ 
pedance could probably be measured better by a milliam- 
meter and dynamometer method than by the three- 
voltmeter method. 

Dr. F. C. WiUiams {in reply) : Mr. Bell’s proposal of 
a theorem in terms of a current representation of 
fluctuations comparable with that given in the paper m 
terms of a voltage representation ” is of considerable 
interest. The idea is not new,t but has never been fully 

* That is to sav it would be a system in which “ perpetual motion. ” wuld 
be obt^ned by utilizing the seli-maintaining difference of temperature to drive 

a heat engine. , 0.40 

t Journal LE.E., 1936, vol. 79, p. 349. 


vIa> = 

. r . Tr2 ___ — J. 


These two expressions for Vaa^ equivalent.* 

The discrepancy is thought to be due to a fundamental 
error in Mr. Bell’s interpretation of equation (A). He 
states that a resistance R generates a current of mean 
square value defined by equation (A), and it appears from 
his definition of Nax that this current is supposed to flow 
always in B, whether R is connected to a network or not; 

he apparently identifies with the thermal motion of free 
electrons in B. In my view, equation (A) defines a current 
supplied to by a hypothetical generator connected in 

parallel with R. In such circumstances I flows partly 
in R and partly in the network to which R is connected. 

Also, I^ then bears no relation to the actual motion of free 
electrons and is merely a mathematical tool which assists 
computation; it is no more fundamental than is the 
** voltage representation ” given in the paper. These 
views are fully set out in a paper at present in course of 
preparation, and need not be further discussed here, 
except to note that a ‘‘ current representation based on 
them has been developed which yields results consistent 
with those obtained by '' voltage representation.” 

The limitation of the analysis to linear networks does 

not depend only on the requirement that Zax = ^xA> 
the summation leading to equation (2) assumes that 
the mean square value of the sum of a number of flucta- 
tion currents is the sum of their mean-square values, and 
such is not necessarily true in non-linear networks. 
Further, itas not usually possible to specify impedance 
values in non-linear networks: the ” impedance then 
denends in general on the amplitude and wave-form of 
the applied e.m.f. and on the presence or otherwise of 
other e.m.f.’s, in the network. Thus, despite Mr. Bell’s 

ingenious proof that Z 12 is always equal to zh (since both 
can vary with time in non-linear networks, this should 

perhaps be stated: average . 2^12 = average 
thought necessary to restrict the analysis to linear net¬ 
works. The limitation of scope involved appears small, 
since there are but few common circuit-elements which 
respond in a markedly non-linear manner to the exceed¬ 
ingly small currents and potentials associated with 
/fluctuation phenomena. 

* It can be shown that, as defined by Bell, is not equal to 



REGULATIONS FOR CONTROLLING THE EARTHING OF ELECTRICAL 
INSTALLATIONS TO METAL WATER-PIPES AND WATER-MAINS* 


DRAWN UP AND APPROVED BY 


THE INSTITUTION OF CIVIL ENGINEERS, THE INSTITUTION OF ELECTRICAL ENGINEERS, 
THE INSTITUTION OF WATER ENGINEERS, THE BRITISH WATERWORKS ASSOCIATION, AND 

TFIE WATER COMPANIES’ ASSOCIATION 


INTRODUCTION 

It has for many years been a common practice to 
utilize incoming water-mains for the earthing of electrical 
installations, f Cases have arisen, however, where 
corrosion of water-mains has been attributed to such 
earthing. It is knowm, for example, that continuous 
current causes electrolytic corrosion where it leaves a 
metal conductor or pipe to enter the earth, but the 
effect of the passage of alternating current to earth is 
somewhat obscure. A further point in connection with 
earthing is that there have been instances where electric 
shocks have been incurred during the repair of w^ater- 
mains. 

It was obvious that some agreement as to the con¬ 
ditions under which earthing-connections should be made 
was desirable, and the* question was considered by a 
Joint Committee of The Institution of Electrical Engi¬ 
neers and the Metropolitan Water Board, as a result of 
which a draft memorandum on Earthing to Water-Mains 
was issued on the 20th December, 1926. It was not 

possible, however, to conclude the negotiations on that 
occasion. 

The need for such agreement became increasingly 
evident, and it was in these circumstances that a Sub- 
Committee of The Institution of Civil Engineers Research 
Committee was formed in March, 1936, to explore the 
problem of possible injury to metal water-pipes and 
mains through the earthing thereto of electrical installa¬ 
tions, particularly in relation to alternating currents, 
with a view to 

(a) investigating the existence and extent of such 

research being carried out if necessary; 

(b) obtaining mutual agreement on the conditions 
under which earthing-connections to metal water-pipes 
and water-mains might be made; and 

(c) if necessary, formulating a set of regulations in 
respect thereof. 


mous agreement on the conditions under which earthing- 
connections may be made in recommending the following 
Regulations in respect thereof. 

The Regulations are intended to be applicable generally, 
with one exception: Post Office installations other than 
those for power and lighting services are excluded from 
the application of these Regulations, but are subject to 
agreement between the authorities concerned. 

In the course of their work the Sub-Committee came 
to the conclusion that there were certain other aspects 
of the problem which could with advantage form the 
basis of research. The Institution gratefully acknow¬ 
ledges the funds which have been subscribed for such 
research by the interests concerned, and the investigation 
has been undertaken by the British Electrical and Allied 
Industries Research Association. The programme of 
research so far approved is as follows:— 

(i) The amount and effect of aggregate leakage- 
currents on water-pipes. 

(ii) The possibility of partial rectification of alter- 
, nating currents in underground water-supply systems 

(a) at earthing-connections; (b) between metal pipes and 
the soil. 

(iii) The possibility of primary-cell effects in water- 
supply systems. 

(iv) The relation of the above to the question of 
corrosion. 

^ REGULATIONS 

Preamble. 

These Regulations have been drafted under the aus¬ 
pices of The Institution of Civil Engineers as the result 
of agreement come to between representatives of water 
and electrical interests. They are subject to any amend¬ 
ment which may be shown to be desirable as a result of 
further experience or research. 

Clause 1. 


The Sub-Committee includes nominees of The Insti¬ 
tution of Electrical Engineers, The Institution of Water 
Engineers, the British Waterworks Association, and the 
Water Companies’ Association, and acknowledgment is 
here made of the valuable assistance which they have 
rendered. 

The Sub-Committee have taken into consideration 
the memorandum drawn up by the above Joint Com¬ 
mittee, and they have been successful in securing unani- 

* PuMshed by Xhe Institution of Civil Engineers. Copies can be obtained 
?d^ea^b^^ostTree^ Clowes and Sons, Ltd,, 94 Jermyn Street, S.W.l, price 

Electricity Supply Regulations, 1937, for Securing the 
29 (a) (i): i.e. All metal work enclosing sup- 
to sewe asTSuctOT ^ consumer’s instaUation, other than that designed 


An earth-wire connecting an electrical installation to 
a water-main or water-pipe is to be used only:— 

(a) as a measure of safety for the purpose of I'eturning 
to the source of supply such leakage current as may 
flow, or result from a failure of insulation. 

(b) for radio-frequency currents and those from 
radio-interference-suppression devices. 

Clause 2. 

A water-main or water-pipe shall not be cut, drilled or 
broken, for purposes of Clause 1, and all reasonable and 
proper care shall he exercised, in making any earth- 
connection, to prevent injury or damage to a water- 
main or water-pipe. 
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Clause 3. 

Every earth-connecting device to a water-main or 
water-pipe shall be of such an approved design^ as to 
ensure an efficient electrical connection, and other than 
as provided for in Clause 4 shall be attached in a position 
convenient for, and easy of, access. 


Clause 4. 

An earth-connection shall only be made to a buried 
water-main or water-pipe after notice to, and in a manner 
approved by, the water authority concerned. 

Clause 5. 

Wherever an earth-connection is made to a water- 
main or water-pipe on any premises in which is installed 
a water-meter, a proper, sufficient, and suitable bond 
shall in all such cases be placed across such water-meter 
by the user of the meter, free of expense to the water- 

authority. 


Clause 6. 

Where the water-supply authority has reason to 
believe that damage to water-mains or water-pipes is 
being caused by an excessive flow of current from an 
earth-connection made to a water-main or water-pipe 
they shall, in general, request the electricity-supply 
undertakers for the district to test the installation, 
arrangements being made for a representative of the 
water-supply authority to be present at the time the test 
is made. If, however, for any reason the water-supply 
authority should desire to test for electrical leakage 
from an installation to water-mains or water-pipes, that 
authority will be at liberty to make such test after 
advising the electricity-supply undertakers for the 
district of their intention, giving such notice to the 

♦ For the purposes of Clause 3 the approval of the design 
necting device should rest with a joint committee of electrical and -water repre 

sentatives. 


consumer as may be necessary, and inviting the presence 
of a representative of the electrical undertakers when the 

test is made. 

Wutsf-supply ciuthofitiBS {whilst the powsvs 

which they are advised are conferred by existing water- 
supply legislation to enter premises, and if necessary to test 
for electrical leakage) agree that, in general, tests for 
electrical leakage, and any notice to the consumer which may 
he necessary in connection therewith, should be made and 
given by the electricity-supply undertakers, who will usually 
possess the better facilities. 

Note.—A ttention is drawn to the fact that in certain 
cases non-metallic water-pipes are in use, and the 
electrical implications of this should be recognized. 


The Institution of Civil Engineers 
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institution notes 


PARSONS ANNUAL MEMORIAL LECTURE 

The third Parsons Memorial Lecture will, at the 
invitation of the Royal Society, be given in 1938 under 
the aegis of The Institution of Mechanical Engineers, 
who have arranged for the lecture on this occasion to 
be delivered by Mr. Stanley S. Cook, F.R.S. (of the 
Parsons Marine Steam Turbine Co.).^ The Lecture, 
entitled " Sir Charles Parsons and Marine Propulsion, 
will be delivered in the building of The Institution of 
Mechanical Engineers, at Storey's Gate, Westmmster, 

S.W.l, on Friday, 2nd December, 1938. A general 

invitation has been extended for I.E.E. members to 
attend, but it may be necessary for those desiring ffio 
be present to obtain tickets of admission. A further 
announcement, giving final details, will therefore e 

made in these Notes nearer the date of the meeting. 

[iVoifg: The first lecture was delivered by Sir Frank 


Smith in 1936 before the N.E. Coast Institution of 
Engineers and Shipbuilders, and the second, in 1937, 
by Dr. Gerald Stoney before the I.E.E. (see Journal, 

1938, vol. 82, p. 248).] 

PROCEEDINGS OF THE HIGH-TENSION CON¬ 
FERENCE, PARIS 

The Proceedings (in French) of the 1937 Session of the 
Conference have now been published. They comprise 
three hound volumes containing, in all, 3 000 pages. 
The volumes deal respectively with (1) Generation, trans¬ 
formation, and circuit-breaking; (2) Construction, insula¬ 
tion, and maintenance of overhead and underground 
networks; (3) Operation, protection, and interconnection 

of networks. 

Copies of the Proceedings can be obtained from the 
Secretary of the Conference, 54 Avenue Marceau, Paris, 
price 450 francs. 
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INSTITUTION NOTES 


JOINT COMMITTEE ON MATERIALS AND THEIR 

TESTING 

The Joint Committee on Materials and their Testing is 
organizing a meeting which will be held on the 25th 
November next under the auspices of The Institution of 
Electrical Engineers for the discussion of the subject of 
Non-destructive Testing. The subject has been divided 
into three sections, namely, magnetic and electrical 
methods, X-rays and gamma rays, acoustical and general 
methods; and each section will be dealt with by authors 
representing respectively Great Britain, the Continent 
of Europe, and the United States. Thus, magnetic and 
electrical methods will be dealt with in papers by Dr. B. 
Berthold (director of the Reichs-Rontgenstelle, Berlin) 
and by Dr. A. P. M. Fleming, C.B.E., and Mr. B. G. 
Churcher; X-rays and gamma rays will be dealt with by 
Ing. J. E. de Graaf (of Philips's Gloeilampenfabrieken, 
Holland) and Dr. V. E. Pullin; while acoustical and 
general methods will be dealt with by Prof. Dr. Foster (of 
the Kaiser-Wilhelm-Institut fiir Metallforschung, Stutt¬ 
gart) and Dr. S. F. Dorey. The experience and views 
of the United States of America will be presented in a 
joint paper by Mr. N. L, Mochel (metallurgical engineer, 
Westinghouse Electric and Manufacturing Co., Phila¬ 
delphia), Mr. H. H. Lester (senior physicist, Watertown 
Arsenal, Watertown, Mass.), and Mr. R. L. Sanford (chief 
of the magnetic section, National Bureau of Standards, 
Washington.). 

In view of the authority of the authors contributing the 
papers, and of the very topical interest of the subject of 
Non-destructive Testing, it is expected that the meeting 
will be of considerable importance. It will be presided 
over by Dr. A. P. M. Fleming, C.B.E., President of The 
Institution of Electrical Engineers, and a general invita¬ 
tion to attend is extended to all those who are interestedv 
Further details will be published later. 


CONVERSAZIONE OF OVERSEAS MEMBERS 

A Conversazione of members from overseas and their 
ladies was held in the Institution building on Thursday 
evening, 16th June, the attendance being about 130. 
The proceedings were opened by the President (Sir 
George Lee, O.B.E., M.C.) supported by the Council. 
Short addresses by Mr. H. Nimmo on '' Electricity in 
Burma,” and by Major B. Binyon, O.B.E., M.A., on 

Accelerated Motion Cinematography in Natural 
Colours (illustrated by a cinematograph film), followed 
in the Lecture Theatre. A reunion then took place in 
the Library, where the apparatus used in making his 
film was demonstrated by Maj or Binyon. 

The following members temporarily in England from 
overseas were present :P. D. Abbott (Straits Settlements), 
L. S. Anand (India), R. Beck, Dipl. Ing. (Hungary), 
C. R. Bland (India), T. A. Brown (South Africa), B. F. 
Browne (Brazil)H. S. Bulley (India), R. L. Chantrill, 
B.Sc.(Eng.) (India), J. S. B. Colombi (China), M. Dunlop 
(India), E. Elton, B.Sc. (India), L. B. Harmer (China), 
A. T. Harpham (Southern Rhodesia), D. H[. P. Hender¬ 
son (India), H. C. Hitchcock, B.E. (New Zealand), E. J. 
Hogben, M.A. (India), A. G. Hughes (Burma), A. W. 
Johnstone, B.Sc. (Eng.). (Burma), A. D. Maclean, 


B. Sc.(Eng.) (Trinidad), D. H. Macnee, B.Sc. (Australia), 

C. H. Mellor (China), D. H. Melville (Malta), li. T. 
Moody (Burma), J. R. H. Morgan, B.E. (Australia), S. 
Mortimer (Straits Settlements), A. S. Phillips (China), 
H. P. Samuel, B.Sc. (Holland), A. J. Smith (New 
Zealand), C. S. Steel (India), T. L. Stephens, B.Sc.(Eng.) 
(Iran), D. M. Tombs, B.Sc.(Eng.) (New Zealand), H. E, 
Trent (U.S.A.), A. R. A. Tyrer (Aden), P. D. Webb 
(Burma), J. S. Whitney (China), and J. PI. Wilson 
M.C. (China). 


GRADUATESHIP EXAMINATION RESULTS: 

MAY, 1938 


Alesworth, F rederick 
Richard. 

Atkinson, David. 

Ballard, Walter George, 

Barrett, Arthur Crabtree. 

Barry,DennisGeorgeCoode. 

Bastin, Douglas James. 

Bell-Francis, Trevor Roth- 
well. 

Berge, Morris. 

Buckle, George William 
Vincent. 

Byrne, Denis Joseph, 

Bywater, Kenneth Athorne 
Vallance. 

Clark, Gilbert. 

Collier, George Elder. 

Darby, William Ernest. 

Dark, Cyril Montague. 

Ferguson, Ian Andrew. 

Glyde, Thomas Charles 
William. 


Passed 

Belsey, Stuart Urquhart. 
Collins, John Henry. 
Davies, Roy Travers. 
Ferguson, Oswald. 

Gauge, Hedley Gordon. 
Meiklejohn, William Kei 
noth. 


Passed* 

Grimes, Wilfred Wallace. 
Hick, George. 
Plollingworth, Stephen Ian. 
Isaac, John Edward. 
Jagger, Hubert. 

James, George Anthony. 
Meek, George Gilbert. 
Miller, Jack. 

Pagdin, Edward Houldin, 
Patrick, Robert James. 
Phillips, Alban William. 
Robinson, Thomas Philip. 
Rustin, Maurice Edward. 
Stephenson, George Wil¬ 
liam. 

Thorpe, Eric. 

Varcoe, Kingsley John. 
Weaire, Reginald 
Frederick. 

Wincott, Leslie Moreland. 
Woods, John Victor. 
Wylie, John Howard. 


PART I only 
Mills, Eastall. 

Owen, Albert James Arthur. 
Rake, Charles Ernest 
Tudor. 

Sigee, Eric. 

1 - Sutton, Peter. 

Williams, Denis. 


Passed PART II only 


Brocklesby, Harry. 
Coombs, Frederick Leslie. 
Earl, John Wakelin. 
Hampton, Arthur Edward. 
Hitchen, Herbert. 
McKenzie, Edgar Donald 
Murdoch. 

Mohan, Anand Saroop. 


Pearce, Albert John. 
Richards, Sydney Bennett. 
Shaw, Arthur Francis. 
Sims, Eric Arthur. 
Stevens, Stanley Walter. 
Whaley, Norman Sheffield. 
Wright, Albert Douglas. 


^ includes candidates who are exempt from, or who have 

previously passed, a part of the Exarnination and have now passed in the 
remammg subjects. 
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Work out the extra cost per service point of 
C.M.A. Grade Cable as compared with an inferior 
and short-life substitute—then make your choice. 




C.M.A. Regd. Trade Mark Nos. 

N0NA20 Regd. Trade Mark No. 458 S 65 

CABLES 



y right 
mel Sir 
mas F. Purves 
litsive Licensees 
nbersofihe C.M.A 


MEMBERS OF THE C.M.A 


The Anchor Cable Co. Ltd. 

British Insulated Cables Ltd. 

Callender’s Cable & Construction 

Co. Ltd. 

The Craigpark Electric Cable Co. 

Ltd. 

Crompton Parkinson Ltd. 

(Derby Cables Ltd.) 

The Enfield Cable Works Ltd. 

Edison Swan Cables Ltd. 

VV, T. Glover & Co. Ltd. 


Greengate & Irwell Rub'ber Co. 

Ltd. 

W. T, Henley’s Telegraph Works 

Co. Ltd. 

The India Rubber, Gutta-Percha 
& Telegraph Works Co. Ltd. 

(The Silvertown Co.) 

Johnson & Phillips Ltd.’ 

Liverpool Electric Cable Co. Ltd. 

The London Electric Wire Co. 

and Smiths Ltd- 


The Macintosh Cable Co. Ltd. 

The Metropolitan Electric Cable 
& Construction Co. Ltd- 

Pirelli-General CableWorks Ltd. 
(General Electric Co., Ltd.) 

St. Helens Cable & Rubber Co. 

Ltd. 

Siemens Brothers & Co. Ltd. 

(Siemens Electric Lamps & 
Supplies Ltd.) 

Standard Telephones 8e Cables 

Ltd. 

Union Cable Co. Ltd. 


civt 


of the Cable Makers’ Association, High Holborn House, 52-54, High Holborn, W.C.I. Phone: Holborn 7633 

a 
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Part of an installation of Westinghouse Metal Rectifiers for electro-deposition 
at the London Works of Fescol Ltd., Electro-chemical depositors and Engin¬ 
eers. Fifteen sets are in use giving a total output of 16,500 amperes. Each 
equipment is remote controlled. 

"Only after long and severe tests was it decided to adopt Westing- 

house for this work, as the equipment has to work day and night 
throughout the year". 

Westinghouse reliability scores again. 



Write for booklet 
D.P.IIILE.E. 




















( iii ) I.E.E. Journal Advertisements 



NON REACTIVE ADJUSTABLE RESISTANCE 

These resistances are supplied tooth as Decades and 
with values suitable for bridge ratios. 
available as separate units and also m boxes lor 

bcncti 

1. Rcmg&. 0-1 ohm to 1 megohm. 

2. Accuracy. 0.1% above 1 ohm. 

3. FrcQucucy Data on residual inductance is 
characteristics, contained in our catalogue. 

4. Screening. All units and boxes are completely 

scrcGtiGci# 

5. Swindle. An insulated straight through 

^ spindle is fitted to provide for 

ganging. 






We cannot say precisely 


When people ask us—“ But exactly what do you make ? ” 

_it seems very inadequate to reply ‘ Well, it is difSoult 

to be exact. Most of our products are concerned with com¬ 
munications, but we also do a great deal of other work.’’ 
We can say, perhaps, that we undertake almost any kind of 
precision work that calls for the qualities we claim. Thus 
in 1887 we designed an Air Condenser for the British Association 
on Electrical Standards. Its capacity was 0.0031258 mfd. 
Three years later, after exhaustive tests to establish that this 
capacity remained constant, it was adopted as a standard. 
That was in 1887. Eifty years later we made an essential 
part of the control mechanism for one of the world’s largest 
telescopes, now being instahed at Pretoria University. 

How shaU we set limits to what we will or will not undertake ? 
The answer will be decided by what problems you ask us 
to solve. JlTo matter whether it be electrical or mechanical, 
provided it demands a reaUy high degree of precision, we shall 
make it for you if you ask us. 



MUIEHEAD AED come ANY 
ELMEES END, KENT. TELEPHONE . EEC 


COMPANY LIMITED 
TELEPHONE : BECKENHAM 0041-0042 


FOE OVEE 6 


MENTS 

C.R.C. 2 




























mmM 




l.E.E. Journal Advertisements 


33 kV, 500,000 kVA Metalclad switchboard 
in the Shifnal substation of the West 
Midlands Joint Electricity Authority 

THiS GEAR HAS BEEN FULLY TESTED IN 
THE G.E.G. HIGH POWER TEST LABORATORY 

Advt. of The General Electric Co. Ltd., Head Office: Magnet House, Kingsway, London, W.C.2. 
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THE HIGH HEAD, HIGH EFFICIENCY BOILER 




BABCOCK HOUSE, FARRINGDON ST 
LONDON, E.C.4. 


T he photographs reproduced 
show a typical boiler unit, pul¬ 
verised .fuel fired through cross tube 
burnerSjSultablefor highvolatilefuel. 
The drawing above shows a similar 
unit with vertical intertube burners 
for low volatile fuel and is typical in 
its arrangement of four such boilers 
now being installed for Edmundsons’ 
Electricity Corporation Ltd. at the 
Up per Boat Power Station,T reforest, 
of the South Wales Electric Power 
Company, each of 5,904 sq.ft, boiler 
heating surface for a load of 182,000 
Ibs./hr. at SSQ^F. and 650 Ibs./sq. in. 
The complete Bailey furnace ensures 
maximum furnace temperatures and 
consequently flexibility and high 
efficiency over a wide range of load. 

The self-d raining type of superheater 
is adequately supported, and the 
automatically controlled gas byepass 
dampers give regulation of final 
steam temperature within close 
limits. 

The steaming type economiser, being 
integral with the boiler setting, 
minimises radiation losses. 
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TELEPHONE, TELEGRAPH 
& SIGNAL SYSTEMS. 
EMERGENCY LIGHTING & 
POWER BATTERIES Etc 



.Automatic Charging Jransrecler 
with cover removed. 
Output 50 volts, 8 amps. 


^lEMENS Automatic Charging Transrccter (incorporating 
Westinghouse Metal Rectifier), in conjunction with a 
suitable accumulator battery, provides the most efficient 
and reliable method of obtaining a D.C. SUPPLY FROM 
A.C. SUPPLY MAINS. 

Current is supplied as required to meet the load conditions ; 
the battery is automatically recharged at the proper rate 
to maintain it in its highest state of efficiency, and is always 
ready should the supply mains fail. 





A.C, SUPPLY 

!_ 

JL» 

I D.C. SUPPLY 

nr- 





Diagram of connections 


FEATURES! 


skilled majnten. 

ANCE S’ ENSURES MAXIMUM RELIABILITY 
■ AT MINIMUM COST 


• ENTIRELY AUTOMATIC — NO RELAYS, CON¬ 
TACTORS OR MOVING BARTS OF ANY KIND 


• HIGH-ELECTRICAL EFFICIENCY AT ALL LOADS 


• ensures much longer battery life, and 

REPAIRS AND RENEWALS PRACTICALLY 

ELIMINATED 


Large numbers arc now giving unfailing service in many farts of 
the world including South Africa, New Zealand, Australia, Egypt, 

Siam, Canada, Palestine, etc. 


SIEMENS BROTHERS & CO., LTD. 

WOOLWICH, LONDON, S.E.18 


Telephone: Woolwich 2020, 
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The illustrations 


CABLES in 

MELBOURNE 


shew part of a large 

* 

consignment of B«l« 
extra high voltage 
cable being delivered 
by road to its destin¬ 
ation in Melbourne. 



BRITISH INSULATED CABLES LTD., PRESCOT, LANCS. 

Tel. No. Prescot 6571. London Office, Surrey House, Embankment. W.C. 2. Tel. No. Temple Bar 7722 








pelaw 


GATESHEAD 
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m illustrated is typical of modern design and 


construction 


Its outstanding features are as follows:— 

CONTROL, INDICATION AND METERING 
ON FOUR WIRES COMMON TO THE SUB¬ 
STATIONS. 

ESCUTCHEON MOUNTED CONTROL KEY 

AND LARGE INDICATING LAMPS FOR EACH 
BREAKER. 

ILLUMINATED STATION NAME FACIA FOR 
ALARM PILOT. 

REAR MOUNTED APPARATUS — NOT A 
FIXING SCREW SHOWS FROM THE FRONT. 

The illustration reproduced here shows equipment supplied 
in collaboration with the B.T.H. Company to the L.N.E.R. by 


JARROW 


oms 


NEW SOUTHGATE 

TELEPHONE: 


LONDON, Nil 

ENTERPRISE 1234 


TYNE DOCK 



























manufacturer is saving £ 12 ^ 5 ®* annum by using a Dubilier condenser. 

His original tariff, a graded scale, averaged id. per unit. By improving the power factor with a Dubilier Power 
F^rfor Correction Condenser from *87 to -oc he was able to transfer to a much more advantageous tariff, \vhicK- 
averaU 85d. per unit for the first 26,250 units per quarter and -75^ per unit for the balance. His>nnual 
consumption is 162,350 units, and his account has now been reduced from £676 9s. 2d, to ^553 3 ^* 
saving cannot be effected without great reliability, a Dubilier Power Factor Correction Condenser, which has no 
moving parts, is installed assuring him of many years of trouble-free service. 

Reliability is of greater importance than frst cost, and in the long run it is more economical to buy Dubilier Poiver Factor Correction Condensers. 



DUBILIER CONDENSER CO. (1925) LTD. 


DUCON WORKS, VICTORIA ROAD, NORTH ACTON, LONDON, W.3 

C. R. Casson, P.F.y 
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The new Ferranti Optional Coin Prepayment 
Meter has indeed been taught to accept money with 
discrimination. Shillings and pennies only. Wrong 
coins rejected automatically. (No button “ B.’^) 

OPTIOI\|y%l. COII%l 



The coin serves as a transmission member in the actuating 
mechanism eliminating cams, wheels and caliper. 
Operation by one push of the button. 

Supplied also in Insulated case. 


FERRANTI LTD., Hollinwood, Lancs. ^^mclon. Ojj^Ccc: Bush House. Aldwych, W.C. 2 . 











































FANS 

a-uxiliarifi^uipment 

for 

Ventilating Buildings, Ships and Mines; 
providing Mechanical Draught on 
Boilers; blowing Forges, Furnaces and 
Cupolas; exhausting Metal Dust and 
Wood Refuse; removing Fumes, Smoke 
and Steam; Drying; Warming; Cooling; 
Refrigerating; Conveying; Cold Air 
Douche; Gas Boosting, etc. 

Auxiliary Equipment: AIR HEATERS, FIL.TERS, 
IVASHERS; DUCTWORK; HOODS; DUST SETTLERS; etc. 
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J^^OCIJRPTT'E and speedy calculations demand the 
slide-rule. The Model 7 Universal AvoMeter is equally 
indispensable wherever electrical apparatus is used and 
has to be maintained in continuous operation. Un¬ 
rivalled in its comprehensive testing facilities, it provides 
for every essential electrical test. It has 46 ranges and 
meastures A.C. and D.C. Current and Voltage, Resis¬ 
tance, Capacity, Audio-frequency Power Output, and 
Decibels. Thus, motors, dynamos, switchgear, lighting, 
indeed everything electrical can be maintained always 
at maximum efficiency. Simple to use, essentially port¬ 
able (it weighs only 6 lbs.), it conforms to B.S. ist 
Grade accuracy requirements. 


KEITH BLACKMAN LTD. 

Head Office: 

27 FARRINGDON AVENUE. LONDON, E.C.4 

Telephones: Central 7091 (9 lines) 
Telegrams: **James Keith. Phone, London.** 


A large double-inlet Keiih Centrifugal Fan photographed at 
our Works before despatch. 


# Write for fully descriptive pamphlet. 


JJL 46-range universal 


BRITISH MADE 


Electrical Measuring Instrument 


16 Gns. 

Model 7 Resistance Range Exten- A Iso the ZQ-range Universal 

Sion Unit (for measurements AvoMeter . . I3G«5. 

down to 1 / 100th ohm) 1 216 The 22-rafige D.C. A voMeier 9 Gns. 

Leather Carrying Case 25/- 

DEFERRED TERMS IF DESIRED. 

Sole Proprietors and Manufacturers: 

THE AUTOMATIC COIL WINDER & 
^ ELECTRICAL EQUIPMENT CO., LTD. 

Winder House, Douglas St., London, S.W.l. ^Phone Victoria 3404-7 




















im 
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(Reg. Trade-Mark) 

VITREOUS-EMBEDDED WIRE-WOUND 


are the original British make and consist of high grade, low 

temperature coefficient alloy wire, wound « 

on heat-resisting tubes of special M/l 

composition^ and finally em- 

bedded in a vitreous refractory 

mass by our own special 

process. 


Unequalled 

Your Enquiries Low 

^ Made in a large 

^ number of types and 
sizes and wound to your own 
requirements. 

Can be equipped with various fittings 
to facilitate mounting. 

“Zenite” Units are particularly suitable for use in connection with 
all kinds of Mains-operated Amplifiers and Radio Equipment. 

Catalogue on request 

THE ZENITH ELECTRIC CO. LTD. 

Sole Makers of the well-known “Zenith” Electrical Products. 
Contractors to the Admiralty, War Ofice, Air Ministry, G.P.O., L.C.C., &c 

Zenith Works, VilKers Rd., Willesden Green, London, N.W^ 


SECURITY S 


When you are considering meter locks, 
remember two things . . . firstly that the 
lever type of lock is recognised as the safest 
type made and is in use on the majority of 
safes; secondly that the M & M Patent Meter 
Lock Is the finest of its type on the market. 
Years of safe service go with every M & M 
lock sold . . . reducing the cost-per-year 
figure to the absolute minimum . . . making 
it the rfiost economical proposition for every 
type of meter. 

Send to-day for particulars and a 
skeletonised lock. 


NOTE 


Advertisement copy and blocks should 
reach the authorized agents, Industrial 
Publicity Service, Ltd., 4 Red Lion Court, 
Fleet Street, E.C. 4 (Telephone: Central 
8614), not later than the 20th of each month 
for publication the following month. 
Inquiries regarding space in this section 
of the Journal should be addressed to the 
Manager. 


H. MITCHELL & CO. LTD. 

3 & 5, Leighton Road, London, N.W.S 


PATENT 


Carew Wilson 
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39 YEARS’ MOULDING 

I EXPERIENCE 


Moulders to 
the General 
Post Office, 
Admiralty, 
Air Ministry 
and other 
Government 
Departments 


Since 1899 we have been applying 
to the electrical and kindred trades 
mouldings of the highest quality in 
Ebonestos compositions, Bakelite, 
Urea, Diakon and other synthetic 
resins. 

Our long experience of dealing with 
intricate moulding problems and 
our up-to-date plant are at your 
service. Telephone, and one of our 
technical representatives will come 
and discuss any matter upon which 
you need advice. 


BONESTOS 

INDUSTRIES LIMITED 

EXCELSIOR WORKS, ROLLINS STREET 
LONDON. S.E.IS Tel.: New Cross 1913 (6 lines) 












.cfs 

r""—___ 









OR 


QOpPt^ 


^vv 


O'! 


FREDERICK 


of unsurpassed quality and durability —ensured by 
the careful selection of raw materials, expert work¬ 
manship and high manufacturing standard. 
Weshall be pleasedtoadvise you and quote fortbeseSections 

SMITH & COMPANY, ANACONDA WORKS. SALFORD, 3 

(Incorporated in The London Electric Wire Company and Smiths, Ltd.) 

T^leohone: Blackfriars 8701 (8 lines) 


b 
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PORTABLE! 

rot AT 1N G 

PRECISIOH 

WATT-HOUR 

meter 


TYPE 


ELECTRICAL'"'-— 

trafford park 


--- LTD. 

MANCHESTER 17. 






LOCAL CENTRES 

NORTH-WESTERN CENTRE. 

irnidii.- —J. \\’. 'fiioMAS, li.Sc..I>ch. 

Sccu tayy.- H. A. Cakr, M.Sc.Tecli., “ Oakleigli/' 
Koad. Ilaio, AltriiK’lia/ni, i'hesiiire. 

SCOTTISH CENTRE* 

Chairman ,-— Major, II. IiFi,L, (').Hi'C., T.I,'). 

Hon, Svcriiarv.- - M. Ik MdiRiii-a,..:!,,, 154, Wosl, Geor^’-e Street; 
Glasgow.; (klk 

Hon, Assist. SVro'/a^r... ll. V. II'ennikr,r. ,1.72, Cra,i<jleilh 

Road, iulinlmreJi. 

Dundee Sub*Cei.itre. 

Ckairma'n .A. (, ^ raN't. 

Hon. ^Secretary,- . V. {‘linvri’. c/o ..IGeetricity Su{)|dy I' 

D'udhope 

SOUTH MIDLAND CENTRE. 

Ckamnau.- M. oopn r. 

Hon, Secretary,-- .R. If. Rawll. 55, .New Street, Ririningham. 

East Midland Sub-Centre, 

Ckamnan.- .I,), t.!. Pa,rr\", ,11,Sc. 

)n. ^Secretary,- ..J. F, Driver, .Brigld(,>a House, i feirick 

Road, I,.*oughijorougl.L 


m 


S— Conlirmed, 

WESTERN CENTRE. 

Chairman. —H, G. Weaver. 

Hon . Sccrelaip'.—n. R. Beasant, 77, Old Market Street 

■Hnstol, 2. 

Devon and Cornwall Sub-Centre. 

Chairnia n .—H. ,M,i ogley, M.Sc. 

Hon. Secretary,--^. A. Gallon, B.Sc., c/o City Electrical 
.Itugiueer's Ollice, Armada St,reet. Plymouth. 

West Wales (Swansea) Sub-Centre. 

Chairman .— E. F. Cope. 

Hon.^ Secrclai'y.—li. Rjchards, 78, Glanbrydaa Avenue, 

bwa.,n.sea. 


Hampshire Sub-Centre (directly under the Council), 
Chairman . —W. F. Rawlinson, D.Sc. 

Hon. Secretary.-—A. G. Hiscock, c/o City of Portsmouth 
Electricity Undertaking, 111, High Street, Portsmouth, 

.. J .... f 


Northern Ireland Sub-Centre (directly under the Council). 
Chairman .— H. Whysall. 

Hon. Secretary.—]. McCandlbss, M.Sc „ Burn Brae, Strang- 
ford Avenue, Belfast. 


IIJFORMAL MEETINGS, 

Chairman Committee,- .-.j. ,F. Shipley. 

METER AND INSTRUMENT SECTION. 

Chairman.—1 f. Com.:)EN 'Pimlner. 


TRANSMISSION SECTION. 

Chairman ,—]. L. Eve. 

WIRELESS SECTION. 

Chairman. —T. Wadsworth, M.Sc. 


AUSTRALIA. 

New South Wales. 

Chamnan.—V. I... Moi,.loy. 

Hon. Sem'etary.— .W. J, ,1\IcCall,io,n, M..C., c/Vi Electrical 

Enginec.*r.s .Brjincli, l,Jej)t. of } *ul)iic Works, Sydney. 

Queensland. 

Chairman and Hon. Serretarv.^ .~|. S. Just, c/o P.O. i3ox 

1067N, G.P.O., Brisbane. ' 

South Australia. 

Chairman and Han. Secretaw.- . F. W. Id. Wheadon, Kelvin 

Building, Nortli Terrace, .Adekiirlc. 

Victoria and Tasmania* 

Chairman and Hon. Secretary.- .H. R. Harper, 22-32, 

William Street, AlelIjounie. 


Western Australia. 

Chairman.—], li. W. Gakdam. 

Hon. Secretary.—A. E. I.ambeht, B.E., 35, The Esplanade, 
South Perth. 

CEYLON. 

Chairman.— Major C. .Id. Bkazel, M.C. 

i. Secretary.—D. |>. B{vNN 1 ‘.tt, c/d Messrs. Walker 
Sons & Co., Ltd., Colombo. 


OVERSEAS COMMITTEES. 

INDIA. 

Bombay. 

Chairman .— R. G. Higham. 

Hon. Secretary.—A. L. Guilford, B.Sc.Tech., Electric House, 
Post Fort, Bombay. 

Calcutta. 

Chairman. —F. T. Homan. * 

Hon. Secretary. —D. H. P. Henderson,' c/o Calcutta Electric 
Supply Corporation, Post Box 304, Calcutta. 

Lahore. 

Chairman .— Prof. T. H. Matthewman. 

Hon. Secretary. —J. C. Brown, c/o Associated Electrical 
Industries (India) Ltd., P.O. Box 146, Lahore. 

Madras. 

Chairman and Hon. Secretary.—K. ], B. Greenwood, Elec¬ 
tricity Dept., P.W.D. Offices, Chepauk, Madras. 


NEW ZEALAND. 

Chairman.—F. T. M. Kissel, B.Sc. 

Hon. Secretary. —J. McDermott, P.O. Box 749, Welling¬ 
ton, C.l. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary,^^. Elsdon Dew, Box 4563, 
Johannesburg. 


ARGENTINE; R, G, Parrott, Tucuman 117, Buenos 
Aires. 

CANADA: X*'. A. Gaby, Id. Sc., Vice-President, The British 
American Oil Co.,lAd.,. 14tli Floor. Royal Xkink Building, 
Toronto, Ontario. 

CAPE, NATAL, AND RHODESIA: G. H , SwiNGLER, City Elec¬ 
trical Engineer, Corporation ■£ 1 ectrie!ty Dept., Cape Town. 

FRANCE; P. M. J... Ailleret, 20, Rue I-iamelin, Paris 
(16«). 

HOLLAND: A. IE R. Collette, Heemskerckst.raat, -30, 


LOCAL HONORARY SECRETARIES ABROAD. 


INDIA: K. G. Sillar, c/o Calcutta Electric Supply Corpora- 
^ tion; Post Box 304, Calcutta. 
kx'ALY; L. Emanueli, Via Xmbio Fiki, 21, Milan. 

lAFAH: I. Nakahara, No. 40, Ichigaya Tanimachi, 
Ushigomeku, Tokio. 


(HI) 


NEW SOUTH WALES: V. J. F. Brain, B.E., Chief Electrical 
Engineer, Department of Public Works, Bridge Street, 
Sydney. 

NEW ZEALAND: J. McDermott, P.O. Box 749, Welling- 
toil C 1 

QUEEmAlb: J. S. Just, c/o P.O. Box 1067n, G.P.O., 

JI3irislDO<no 

SOUTH AUSTRALIA: F. W. H. Wheadon, Kelvin Building. 
North Terrace, Adelaide. 

TRANSVAAL: W, Elsdon Dew, Box 4563, Johannesburg. 
UNITED STATES OF AMERICA: Gang Dunn, c/o The 
J. G. White Engineering Corporation, 80, Broad Street, 

■ New York, N.Y. 

VICTORIA AND TASMANIA; H. R. Harper, 22-32, William 
Street, Melbourne. r 

WESTERN AUSTRALIA: Prof. P. H. Fraenkel, B.E., 
The University of Western Australia, Crawley, Perth 








LONDON. 

P. H. Pettifor. 

y, —A. PI. Young, “ ParP View," Alton 
pehampton, S.W.15. 

NORTH-WESTERN. 




' Cfe^^fe..^feKpONAN. 

M. A. Smith, Meter Engineering 



W, ^IVfetrOTblitan-Vickers Electrical Co., Ltd., 
?i»i.park, Manchester, 17. 


^SCOTTISH. 

P ^^^ retary .— G ‘ i '' H . Wire, c/o Mrs. Cormie, 8, 
‘ Terrace, Paisle 3 ^ 


” ' •■"■ NORTH-EASTERN. 

Chairman. —F. M. Bruce. 

Hon. Secretary. —J. A. Stanfield, 44, Shipley Avenue, 
Milvain, Newcastle-on-Tyne. 


^ SECTIONS. 

MERSEY AND NORTH WALES (LIVERPOOL). 


Chairman. —^T. E. A. Verity, B.Sc.Tech. 

Hon. Secretary. — W. H. Penley, B.Eng., Laboratories 
of Applied Electricity, The University, Liverpool, 3. 


SOUTH MIDLAND. 

-J. E. WOOLLASTON. 


Chairman. 

Hon. Secretary. —B. S. Copson, 88 , Reservoir Road, 
Olton, Birmingham. 


NORTH MIDLAND. 

Chairman .— A. H. Marsh. 

Hon, Secretary .— G. H. Warne, 6, Parkfield Road, 
Shipley, Yorkshire. 

SHEFFIELD. 


Chairman. —H. A. Wainwright, B.Eng. 

Hon. Secretary.‘ —C. C. Hall, 4, Meadow Head Avenue, 
Woodseats, Sheffield, 8. 


BRISTOL. 

Chairman. —W. H. Small. 

Hon. Secretary. —J. W. Dorrinton, 20, Trelawney Road, Gotham, Bristol, 6. 


THE I.E.E. BENEVOLENT FUND 


There are many members and former members of The 
Institution who are finding life difficult. Please help 
them by sending an annual subscription or a donation 
to the I.E.E, Benevolent Fund, 

The object of the Fund is: “To afford assistance to 
necessitous members and former members (of any class) 
of The Institution of Electrical Engineers who have paid 
their subscription for at least five years consecutively or 
compounded therefor, and to the dependants of such 
members or former members, 


5 ? 


Subscriptions and Donations should be addressed to 

THE HONORARY SECRETARY, THE BENEVOLENT FUND, 
THE INSTITUTION OF ELECTRICAL ENGINEERS, 

SAVOY PLACE, W.C,2. 




LOCAL HON. TREASURERS OF THE FUND. 

Irish Centre: T. J. Monaghan. North-Eastern Centre: N. Cresswell. North Midland Centre: 
R. M. Longman. Sheffield Sub-Centre: W. E. Burnand. North-Western Centre: T. E. Herbert. Mersey 
and North Wales iJJverpool) Centre: A. C. Livesey, Scottish Centre: {Glasgow) K,EiNDSKj \CEdmhurgh) 
D. S. Munro. Dundee Sub-Centre: P. Philip. South Midland Centre: W. Y. Anderson. Western Centre: 
(Bristol) E. P. Knill; (Cardiff) Elliott. Hampshire Sub-Centre: P. Conly, M.Sc. 
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